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EXECUTIVE SUMMARY

Introduction

Regulating river flow as a consequence of hydroelectric
power generation may adversely affect some instream resources.
One of these effects, the stranding of salmonid fry in potholes
and on gravel bars as flows drop during a periocd of decreasing
power generation, has been the subject of research on the Skagit
River for more than 20 years (1969-89). The results from much of
this past research were inconclusive; consequently, Seattle City
Light embarked on a more definitive study in 1985. This study
investigated pothole trapping and stranding during the spring of
1985, and gravel bar stranding during the summer of 1985 and
spring of 1986.

The 1985 pothole trapping and stranding research strove to
answer several major questions. How significant is the problem
of pothole stranding during the spring months? Which physical
and hydraulic factors influence pothole trapping and stranding?
What is the recruitment and residence time of fry moving into
potholes?

The gravel bar stranding studies conducted during the summer
of 1985 and the spring of 1986 provided important insight that
was necessary to answer several major guestions. What are the
measurable factors affecting gravel bar stranding of fry? What
is the relationship of these factors to each other and to gravel
bar stranding? Bow significant is the problem of gravel bar
stranding during the spring and summer stranding seasons?

The study area was a 27 mile section of river between Gorge
Powerhouse at Newhalem downstream to the confluence with the Sauk
River at Rockport. Below the study reach, the Sauk River, an
uncontrolled river system, is thought to moderate but not
eliminate the effects of the upstream dam operation. The mean
annual flow of the Skagit River at Marblemount is 4,450 cfs. The
mean annual flow of the Sauk River is 4,375 cfs. The study area
was divided intoc three distinct stream reaches. The upper reach
started at Gorge Powerhouse and extended downstream ten miles to
Copper Creek. The six-mile, middle reach extended down to the
Cascade River at Marblemount, and the ten-mile lower reach ended
at Rockport.



During the months of August-October and to a lesser extent
in February and March, tributary inflows within the project area
are typically at low discharge levels. During these two time
periods, the flow in the upper Skagit River is largely influenced
by flow releases from Seattle City Light's Gorge Powerhouse.

From a hydrologic standpoint, these time pericds are when
potholes and gravel bars are most vulnerable to rapid dewatering
due to SCL operations. During these time pericds, the daily
Skagit River flow fluctuations result primarily from operational
releases from Gorge Powerhouse rather than from tributary inflow.
A typical day of power generation at Gorge Powerhouse involves a
large flow release in the early morning hours as the demand for
power increases. This release is usually maintained until the
late afternoon or early evening when power requirements begin to
decline. This reduction in flow usually occurs during the dark
hours of the day and is referred to as the downramping phase of
daily operation., This reduction in flow dewaters gravel bars and
drains potholes. The larger the amplitude of the downramp, the
more gravel bar area dewatered and potholes drained. The faster
the downramp rate, the faster gravel bars and potholes are
dewatered. The downramping phase of power coperation is what
these studies focused on, since dewatering of potholes and gravel
bars result in trapped and stranded fry and juvenile salmonids.

Downramping rates as measured just below the powerhouse at
Newhalem typically vary from 1,000 to 5,000 cfs/hour. These
ramping rates are equivalent to a stage change of .5 - 2.3 ft/hr
at Newhalem and .4 - 1.7 ft/hr at Marblemount. Gorge Powerhouse
is capable of passing a maximum of 7,200 cfs without spilling
water over the dam. Typical generation releases range from 1,300
to 6,000 cfs.

Four species of Pacific salmon and steelhead trout are among
the many fish species that inhabit the upper Skagit River study
area. Chinook, pink, chum, coho, and steelhead fry and juveniles
are all vulnerable to both gravel bar stranding and pothole
trapping and stranding.

Study Approach

Carefully constructed study designs were developed for the
1985 spring pothole study and summer gravel bar stranding study,
and the spring, 1986 gravel bar study. The study designs were
developed to provide the data types and quantities needed to
answer the questions identified above.

Pothole Study

The experimental design for the pothole trapping and
stranding study was based on the objectives developed through
discussions with Seattle City Light and the Skagit Standing
Committee consisting of resource agencies and tribes. The
conceptualization of the pothole stranding phenomenon viewed a
pothole much like a unit of fishing gear. 1In order for it to

ii



trap fry, it must be in operation at the right depth and in the
right place. If the trap is left undisturbed for some time and
then closed in some manner (receding water) fry may be caught.
The study was designed to examine the effects of multiple factors
on pothole trapping and stranding. The factors incorporated into
the study design consisted of those that were of particular
interest and judged likely to affect pothole trapping and
stranding significantly. The study design involved the selection
of a set of potHoles from which hydrolegic, physical and
biclogical data were collected after a downramp of predetermined
amplitude, ramp rate, and flow history. Most of these one-day
tests were conducted on the weekends when Seattle City Light
could best satisfy the testing requirements. Factors potentially
affecting pothole trapping and stranding were divided into three
categories: physical and spatial characteristics of potholes,
hydrological conditions of downramp events (ramp rate, amplitude,
beginning flow, endflow), and factors affecting seasonal fry
behavior and abundance.

Nine weekends of testing were prescribed. Each weekend
consisted of two predetermined downramps. The experimental
design matrix was balanced with respect toc amplitude and ramp
rate. Amplitudes of 1000, 2500, and 4000 cfs were used along
with downramp rates of 1000 and 2000 cfs. The data collected for
these tests were of two types: first, biological data regarding
the number of fry trapped (live fry that were cobserved in a
disconnected pothole) and stranded (fry that were dead as a
result of pothole dewatering); and, second, physical/hydrological
data including time of observation, pothole depth, stream gauge
reading, water temperature, and connection/disconnection status
of the pothole. During each test downramp, these data were
collected repeatedly from each pothole until the unramping phase
began. The data resulting from each test downramp were
consolidated into a row of summary data for each pothole which
represented an "observation" that was entered into a database for
statistical analysis. The planned experimental design could not
be completed because high tributary inflows in late spring
prevented completion of some tests. Therefore, the anticipated
analysis had to be modified to accommocdate these changes. Two
secondary investigations were performed in conjunction with the
pothole trapping and stranding study. The first investigation
was designed to evaluate the residency time of salmonid fry in
potholes. The investigation was designed to answer several
questions. Which species of fry are most likely to be trapped in
potholes during the spring and summer/fall seasons? How long do
salmonid fry remain in individual potholes? How do certain
pothole characteristics such as depth, cover, and proximity to
the river affect pothole residency time of salmonid fry? The
second investigation evaluated fry trapping and stranding in
potholes on the Sauk River. The underlying purpose of the latter
study was to confirm, on an uncontrolled river, the presence of
potholes and qualitatively estimate the magnitude of fry trapping
and stranding.
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Gravel Bar Studies

The studies of fry stranded on gravel bars were conducted
during two separate seasons, the summer of 1985 and the spring of
1986. The temporal differences in fry species during the spring
and summer determined the need for two separate study seasons.

The study design developed for the summer of 1985 called for
consecutive day testing to stabilize fry density as much as
possible during the study period. The tests consisted of
eighteen, one~day downramping tests conducted in August. The
testing parameters were: two levels of downramp amplitude
fluctuations (2,000 and 4,000 cfs); and three levels of
downramping rate (1,000, 5,000 cfs/hr. and a accelerated downramp
rate). The experimental design was balanced with respect to
these factors with each treatment combination repeated three
times over the eighteen test dates. A total of 35 gravel bar
sites were chosen for study. These sites were balanced with
respect to site location (middle of lower reach), gravel bar
slope (0-5%, 6-10%, >10%), and bar substrate size (<3" and >3"
diameter). The downramps of these tests were completed during
darkness. 1In addition to the primary treatment factors, the
effect of day versus night downramping was studied. Four other
daytime downramping tests were conducted during the same study
period to determine any differential effects of nocturnal versus
diurnal dewnramping.

During each downramping test, three sets of data were
collected by field observers. The high and low waterlines were
measured from predetermined reference points, stranded fry were
counted, their precise location measured, and the species and
total length of each fry stranded was recorded for each of the 35
gravel bar sites. The field data were used to form a database
from which the analysis was conducted using a microcomputer.

The gravel bar study completed during the spring of 1986
used as a model the approach and design developed for the 1985
summer gravel bar study. The only changes between the two
studies involved ramping rate and downramp endflow levels. The
accelerated downramp rate was not used and two downramp ending
flow levels (3,000 and 3,500 cfs. at Marblemount) were added to
the study design. The study sites were re-surveyed, remarked,
and used again with only minor modifications. A total of twenty-
four downramping tests were conducted between March 13 and April
14, 1986. The collection of field data and analysis closely
paralleled those used during the summer of 1985 study. Data
analysis consisted of classical analysis of variance and t-tests
on log-transformed data. The response variable in all analyses
was the number of fry stranded per bar site per downramp event.
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Another small-scale experiment was completed during the
spring gravel bar stranding study to determine the "rate of fry
recruitment" into potholes of different types and locations. The
primary question to be answered by this experiment was to
determine how quickly fry re-inhabit potholes that have gone dry.

Results

Potholes

Chinook, cohe, chum, and pink fry, and steelhead juveniles
were found trapped and/or stranded in potholes within the study
area on the Skagit River. Most fry trapped in potholes during
the spring season were chinook fry, with lesser numbers of coho
and chum salmon. During the summer season coho and steelhead fry
were the only fish species trapped in potholes. Residency time
of chinook fry in potholes averaged 2.4 days, steelhead juveniles
1.6 days, and chum 0.5 days during the spring season. Coho spent
an average of 1.4 days in potholes during both the spring and
summer season. Steelhead fry spent an average of 1.6 days in
potholes during the summer season.

There were a total of 232 potholes from which data was
collected during the course cof the study. Eighty-one percent of
the potholes were located in the lower reach ¢f the study area.
Forty-cone percent of these lower reach potholes trapped fry and
twenty percent stranded fry. The average number of trapped fry
per pothole ranged from 0-128 and the average stranded per
pothole varied from 0-14 fry. The other nineteen percent of the
study potholes were located in the middle reach and thirty
percent of these potholes trapped fry and seven percent stranded
fry. Average trapped fry numbers for individual potholes ranged
from 0-137 and average stranded fry numbers ranged from 0-1.75
fry.

The pothole stranding process is composed of two principle
stages: trapping which is defined as the capture of fry in a
pool isolated from the main-channel flow; and mortality due to
stranding usually caused by the dewatering of a pothole. A
pothole must communicate or connect with the main channel flow
before fry can be recruited and possibly trapped. Each pothole
has its own specific connection flow at which point it hydro-
logically connects to the main channel flow. If this connection
flow is not equalled or exceeded trapping is not possible.
Similarly, for trapped fry to become stranded the pothole must
dewater. The dewatering process is essentially controlled by the
main channel flow. If the flow falls low enough after the
pothole becomes disconnected the pothole will eventually dewater
completely stranding all fry trapped within. The main channel
flow required to dewater a pothole is called the pothole dryflow.
Each potheole has its own individual dryflow.



A total of 890 observations were made of disconnected
potholes., Each observation represents a pothale that had the
opportunity to trap and/or strand fry. Most of the pothole
observations (648 of 890) had not trapped or stranded fry. Two
hundred forty-two of the observations had trapped and/or stranded
fry. Of the 242 observations trapping or stranding fry, 176
observations trapped but did not strand fry, averaging 29.8
fry/observation. The remaining 66 observations both trapped and
stranded fry, averaging 19 trapped and 5.96 stranded. These
results show that many potholes do not trap or strand fry. Many
of those that do, merely trap fry, especially if a minimal water
depth is maintained. A very small percentage of all potholes
actually stranded fry, of which there appears to be two types;
potholes that strand the highest number of fry also had the
lowest trapping totals. It seems that these potholes do not trap
large numbers of fry but those that are trapped are usually
stranded. Conversely, potholes that had the highest average
trapped numbers stranded relatively few because they rarely went
completely dry during typical power operations.

Approximately 50% of the study potholes had connection flows
between 4,000 and 5,000 cfs as measured at the Marblemount gauge.
Pothole dry flows ranged from 1,000 to 5,500 cfs, with the peak
of the dry flow distribution between 3,000-4,500 cfs.

The original pothole study design was not completed as a
result of weather and uncontrollable tributary inflows.
Nevertheless, an analysis was conducted of the three hydrologic
factors hypothesized to affect the trapping efficiency of
potholes; ramping rate, downramp endtime, and flow history. The
analysis suggested a lack of correlation between trapping and
ramp rate. The results presented in this report and field
experience suggest that fry trapping depends more upon pothole
fry recruitment than escape opportunities. The notion of ramp
rate as a measure of how fast the trap closes does not appear to
be of importance.

Downramp endtimes did not appear to have any significant
affect on the average trapped/pothole. This result suggests that
time of day and more specifically day versus night downramping
had no effect on the number of fry trapped per pothole.

Flow history, hours of stable flow prior to a downramp, was
thought to have some influence on fry trapping., The results of
the analysis indicate that the near-term flow history (a few
hours before downramp) plays no part in the numbers of fry
trapped. However, a body of studies and experience accumulated
during these studies indicate that long-term flow history (type
and number of previous downramp events) may play an important
role in determining the number of fry trapped in potholes. The
concept of pothole overflow was found to be of particular
importance. Pothole overflow refers to the depth of water over a
pothole prior to a downramp event. The beginning flow of a
downramp determines individual pothole overflow levels. A
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definite relationship was demonstrata2d becween the average number
of fry trapped in pocholes and pothole overflow levels. Within
the range of tested beginning flows, fry trapping was highest
when pothole overflow was lowest and decreased as pothole
overflow increased.

Ladley (1986) studied recruitment of fry into potholes that
connect daily to main channel flow. His results indicate that
pothole recruitment rate was strongly influenced by downramp
beginning flow (which controls pothole overflow)} and the
beginning flow history (beginning flows of preceding downramps).
When beginning flows were repeatedly near the connection flows of
his study potheoles, fry recruitment into these potholes
incrementally increased. BHowever, when a high beginning flow
followed a series of low beginning flows the fry recruitment did
not increase. The high beginning flows may effectively flush fry
out of potholes due to large pothole overflows and high current
velocities. Conversely, when low beginning flows were repeated
over and over again, fry could remain in potholes between
downramps and other fry from the main channel could locate and
recruit into these potholes.

Pothole stranding takes place only after fry have been
trapped in a pothole. Most pothole-related mortality occurs when
potholes containing fry go dry. The main-channel flow level
generally determines which potholes will be dewatered. Each
pothole dewaters at a specific main channel flow, which is called
the dryflow. When the main channel flow drops to, or below a
pothole's dry flow it is likely to dewater, stranding all fry
within it. Once a fry is trapped inside a pothole it has two
possible ultimate fates, death by stranding, or escape, when and
if the pothole re-connects to main-channel flow.

The connection and dryflow for an individual pothole
combined with the beginning and ending flow of a particular
downramp determines whether that pothole will be disconnected or
go dry. The amplitude of a downramp event determines how many of
the potholes inside the study area will disconnect and go dry.
The greater the amplitude the more potholes disconnected and dry
and the more fry trapped and stranded.

Most rivers, whether flows are controlled by man or
uncontrolled, have potholes associated with them. This study
confirms what other researchers have already documented, which
is, that salmonid fry become trapped and stranded in potheoles on
uncontrolled river systems. Two pothole surveys were conducted
on the Sauk River, an uncontrolled river system, as part of these
investigations. These surveys documented the existence of
potholes and the presence of trapped £ry in them. Within a
fifteen mile reach, a total of 53 potholes were identified, 22 of
which contained trapped fry. Chinock fry were the primary
species trapped with lesser numbers of chum fry. Stranded fry
were not observed in these potholes but it was apparent that
stranding would occur if water levels continued to drop. The

vil



surveys on the Sauk River show that pothole trapping and
presumably stranding is a natural occurrence on an uncontrolled
river system. The major difference between controlled (peaking)
and uncontrolled river systems is that water level fluctuations
occur more frequently.

Summer /Fall Gravel Bar Stranding

From July through October each year there are primarily two
species of salmonid fry, steelhead and coho, present in the study
area. Both species were found stranded on gravel bars.
Vulnerability to gravel bar stranding begins at emergence from
gravel and continues until both species outmigrate from the
Skagit River.

A total of 2,171 fry were observed stranded on gravel bars
during the August 1-20 downramping test period. Virtually all of
those stranded were steelhead fry with c¢coho fry contributing less
than one percent to the total number stranded. Clearly,
steelhead fry are most vulnerable to gravel bar stranding during
the summer/fall time period and coho, although present, are not
commonly stranded on gravel bars. Species composition data from
fry occupying gravel bar habitat shows that both steelhead and
coho fry were stranded on gravel bars roughly in propertion to
their respective densities. Coho represented 2.6% of the total
fry found residing in gravel bar stranding habitat and steelhead
contributed the remaining 97.4%. Because not many c¢oho occupy
gravel bar habitat they are not nearly as vulnerable toc stranding
as are steelhead fry, which is the predominate species found
occupying gravel bar habitat.

Stranding of steelhead fry on gravel bars appears to be size
dependent. Steelhead fry between 3.0-3.5 centimeters were the
most vulnerable to gravel bar stranding followed by fry in the
3.5-4.0 centimeter range. Once fry size increases above 4.0
centimeters vulnerability declines rapidly. Because so few ¢oho
were stranded on gravel bars during the study it was not possible
to determine if stranding is size dependent.

Gravel bar stranding of steelhead and coho begins in late
July and ends in late September. Prior to late July, runoff from
snowmelt is typically high and emergence of steelhead is still
relatively low. After September, most of the steelhead fry have
typically grown larger than 4.0 centimeters, above which they are
much less vulnerable to gravel bar stranding. Before and after
this time period stranding of both steelhead and cohc very likely
continues but at a much reduced level affecting a much smaller
number of fry.

Analysis of variance tests using the factors amplitude,
downramp rate, week, and gravel bar slope, substrate, and
location all showed a significant effect on gravel bar stranding
with the exception of downramping rate.
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Stranding during a 4,000 cfs downramp amplitude was
significantly higher than for a 2,000 cfs downramp amplitude. In
fact, the 4,000 cfs amplitude consistently stranded more than
twice the number of fry than the 2,000 cfs amplitude fluctuation,
There was also a definite tendency for fry to become stranded
towards the end of a downramping event. This tendency was
stronger for a larger amplitude than for a small amplitude .
. downramp.

Downramping Rate did not have a significant effect on gravel
bar stranding of steelhead fry during the summer season.

Gravel bar slope showed a very clear relationship to
stranding of fry on gravel bars. Gravel bars with slopes of less
than 5% accounted for the majority of all stranding during the
summer/fall season. The results of this analysis indicate that
the amount of habitat dewatered is far more important to
steelhead stranding than the rate of habitat dewatering within
the ranges tested. Above a 5% slope the stranding rate decreases
dramatically as gravel bar slope increases.

The gravel bar location, or more specifically, the distance
between a gravel bar and the powerhouse plays an important role
in the effect of a downramp on fry occupying gravel bar habitat.
Fry stranding is much greater upstream, (closer to the
downramping source) where the relative volume ¢of water involved
in the downramp is greater. The further downstream the gravel
bar, the less stranding (if fry densities and gravel bar slopes
are comparable) because of the dampening effect of tributary
inflow and a hydrologic attenuation of the downramp.

Gravel bar substrate was determined to be a significant
factor with smaller substrate (<3") generally stranding more than
coarse (>3").

There was no measurable difference in steelhead fry
stranding between daylight or darkness downramping during the
summer/fall season. This result was both surprising and
interesting because salmon fry are extremely sensitive to
daylight downramping.

Many gravel bars have physical features such as logs, wood
debris, large rocks, vegetation lines, and channel depressions.
The results of this study showed, very convincingly, that the
location of a stranded fry is not influenced by any of these
physical gravel bar features.

Stranding locations were also evaluated to determine if the
distribution of stranded fry is influenced by differing
downramping rates. A random versus stratified distribution was
apparent. A comparison of fry stranding distributions, resulting
from 1,000 and 5,000 cfs/hr ramping rates, showed that there was
no difference between fry distributions or number stranded. A
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constant rate of stranding was observed for both the 1,000 and
5,000 cfs downramping rates.

The effect of an accelerated downramping rate (starts slow
and ends fast) was compared with these results. A stratified
distribution resulted with less fry stranding in the first part
of the downramp compared with the latter part. The first part of
the accelerated downramp was conducted at a 500 cfs/hr rate
followed by 5,000 cfs/hr. The rate of stranding on the 500
cfs/hr portion of the bar was lower than the stranding rates of
either 1,000 or 5,000 cfs/hr. These results indicate that the
rate of stranding may be reduced at 500 cfs/hr, whereas stranding
rates are higher but constant between 1,000-5,000 cfs/hr.

Spring Gravel Bar Stranding

There were fry and juveniles of four salmonid species;
chinook, chum, pink, and steelhead present in the Skagit River
during the field portion of these studies. Each species is
present in the study area for varying lengths of time during the
spring study period. Every other year (ocdd years) pink salmon
return to the Skagit River to spawn. After emerging from the
gravel, pink and chum salmon fry remain in the river for only a
short time. Chinook salmon fry will remain in the river for
approximately ninety days and steelhead juveniles that have over-
wintered will also be present in the river during the spring
months.

A total of 513 salmon fry and steelhead juveniles were found
stranded on gravel bars as a result of 23 formal gravel bar
stranding tests that were conducted between March 14 and April
13, 1986. Nearly 63% of the fish stranded during this period
were chinock fry, 30% were pink fry, 5% were chum fry, and the
final 2.2% were steelhead juveniles. These findings clearly show
that fry of all three salmon species and steelhead juveniles are
susceptible to gravel bar stranding. Chinook and pink salmon fry
were stranded in much higher numbers than chum and steelhead.
This finding is understandable since chinock fry densities were
much higher than any other species in main-channel (near-shore)
habitat. Chinook accounted for 8l% of the main-channel fry
population and only 42% of the fry stranded on gravel bars in
late March and 77% on gravel bars in early April. 1In contrast,
pink salmon represented only 8.8% of the main-channel population
in late March, compared with 45.4% of the stranded population for
the same time period. In early April, pink fry accounted for a
much smaller portion of the main-channel population at 1.7% but
still represented nearly 19% of the stranded fry. Chum salmon
responded similarly to pink salmon representing only 0.4% of the
main-channel fry populations, but accounting for nearly 10% of
the total fry stranded. Very few steelhead juveniles were
stranded on gravel bars during the spring season. This was not
surprising as the summer/fall gravel bar stranding data showed
that once steelhead obtain a length of four centimeters they are



not nearly as susceptible to gravel bar stranding. The analysis
indicates that pink fry are 10-13 times more vulnerable than
chinook fry. The same aznalysis shows that chum fry are 2 to as
much as 43 times more vulnerable to stranding than chinook fry.
Steelhead juveniles were found to be roughly one-half as
vulnerable to stranding as chinook. Each species contributed
varying numbers of fry to the total fry stranded. These
contributions seem to be a function of fry abundance and the rate
of stranding for éach species. Even though chinoock fry had a
relatively low vulnerability to stranding, this species was still
able to contribute the highest number to total stranding because
of their overwhelming abundance in the shallow margins of the
river where gravel bar stranding occurs. Pink and chum gravel
bar stranding numbers were extremely high considering their
relatively low abundance. This was most likely due to their high
vulnerability rating.

The spring gravel bar stranding window of vulnerability is
described as the time period when a specific species is most
vulnerable to the effects of downramping. Chinocok fry seem to be
equally vulnerable during the majority of their freshwater
lifestage (February-May). Chinock fry size was not an important
factor (as for steelhead) because they outmigrate before
significant growth is achieved. Pink and chum fry can be found
in the study area between February and May but, unlike chinook,
individual fry begin to outmigrate only a few days after
emergence. During this short, post-emergence period, these two
species were shown to be extremely vulnerable to gravel bar
stranding. Like chinook, they do not have adequate time to grow
during their brief stay in the study area. Because these two
species do not grow appreciably before outmigrating, gravel bar
stranding is not size-dependent.

Analysis of variance tests using the factors gravel bar
slopes, downramping rate, and gravel bar substrate, and location
all showed a significant effect on gravel bar stranding due to
each factor., Downramp amplitude and ending flow tested non-
significant.

Gravel bar slope, as expected, had a highly significant
effect on gravel bar stranding. The average number of fry
stranded on slopes less than 5% was more than eight times greater
than the average for the remaining observations. Thirty-five
percent of the gravel bars in the study area have slopes of less
than 5% and these bars accounted for over 80% of all salmon fry
stranding. The hydrologic effects on gravel bar stranding seem
to be accentuated on gradually sloping bars (slope <5%).

There was a significant effect on stranding between the
middle and lower river locations. As was the case with steel-
head, there is a tendency for hydrologic effects on stranding to
be greater toward the upper reaches.
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Ramping rate tested significant under conditions which
generally favor stranding (gentle slope, middle river, small
substrate, and low amplitude). The higher ramping rate of 5,000
cfs/hr. stranded significantly more fry than the 1,000 cfs/hr
rate.

Substrate tested significant, even more dramatically in test
strata where stranding rates were high. However, there were many
reverse interactions that made the behavior of this factor
difficult to explain.

amplitude tested non-significant. There was no significant
effect gue to the two amplitudes tested. Comparable numbers of
fry were stranded using either a 2,000 or a 4,000 amplitude
downramp. These results differed considerably from those
reported for steelhead, where doubling of amplitude more than
doubled stranding.

There was no significant effect due to the downramping
ending flow. Two downramping ending flows were tested to
determine 1f differential stranding rates would result from
dewatering of gravel bar areas between 3,500 and 3,000 cfs as
measured at the Marblemount gauge.

Fry stranding locations were evaluated to determine how this
factor might be influenced by downramping rate, amplitude size,
ending flow, and the type and location of a gravel bar's physical
features. Low numbers of salmon fry stranding on the gravel bar
sites studied prevented a conclusive evaluation of these factors
on fry stranding locations.

A total of 42 gravel bar locations were identified inside
the study area, representing 29,110 feet of gravel bar of various
slope and substrate combinations. Forty-seven percent of the
total gravel bar within the study area is located within lower
river reach, 19% in the middle reach, and 35% in the upper reach.
The majority of the lower reach is made up of bar slopes of less
than 5% and substrate less than 3 inches in diameter. The middle
and upper reaches show a more even distribution of the six
different combinations of bar slope and substrate types.

Discussion

Pothole Trapping and Stranding

Pothole trapping and stranding involves two very distinct
processes. The first process is when fry become trapped in a
pothole. For a fry to become trapped it must not only be present
at or near a pothole but the river stage must be lowered for a
connected potheole to trap fry by becoming disconnected from the
main-channel flow. Most recently emerged fry are present in
waters-edge habitat that is shallower and typically has a slower
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velocity than the main-channel flow. In the Skagit River the
waters-edge habitat moves dynamically on a daily basis as a
result of weather and operation of the powerhouse at Newhalem.
Fry are constantly subjected to stage changes that force them to
move with the waterline if they wish to remain in waters-edge
habitat.

At the beginning of any downramp event each pothole will
either; begin the downramp disconnected from the main river
channel flow, connected to the main river channel flow by only a
few inches, or submerged by a large amount of main river channel
flow. Each of these pothole-situations presents itself
differently to fry. The pothcle that begins the downramp
disconnected from the main-channel flow will not effect free-
swimming fry since there is no opportunity for trapping because
the pothole will remain disconnected during the entire downramp
event. The second pothole-situation represents a pothole that
starts the downramp event connected to main-channel flow but is
in or very near waters—-edge habitat. Fry in this pothcle when
the downramp begins have very little time to escape from the
pothole once it starts to disconnect from main-channel flow. The
third pothole situation describes a pothole that is submerged by
a substantial amount of water and likely begins the downramp away
from waters—-edge habitat. This pothcle will remain connected to
the main channel flow during a small amplitude downramp and will
become disconnected during a large amplitude downramp event. If
fry are to become trapped in this pothole they must first locate
the pothole as the waterline recedes and secondly remain in the
pothole as it disconnects from the main-channel flow. The fry
trapping potential is thought to be much lower for this type of
pothole compared to another that begins the downramp at waters-
edge.

The second process involves the stranding of fry in
pothecles. Nearly all fry mortality in potholes occurs as a
result of trapped fry becoming stranded as potholes dewater
during a downramp event. Each pothole has a river flow at which
it will go dry. When the river flow approaches a pothole's "“dry
flow" it is very likely that any fry trapped in the pothole will
be stranded due to pothole dewatering. Once fry are trapped in a
pothole they can not avoid stranding if the downramp event
dewaters the pothole. Trapped fry can also fall victim to other
factors such as predation and elevated water temperatures. While
certainly a cause of some mortality, it is felt to be minor in
terms of contribution to total pothole mortality. Water
temperature is another possible source of pothole mortality.
Water temperatures in potholes may reach harmful levels if
prolonged exposure occurs when temperatures are high. Pothole
temperature was monitored during the spring studies but never
became a factor. During the summer months steelhead and coho fry
trapped in potholes could fall victim to elevated water
temperatures. Mortality of this type was never confirmed during
these studies.
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The factor that affects fry trapping in potholes the most is
the beginning flow of a downramp event. The beginning flow
determines the depth of water over a pothole while simultaneously
determining the pothole's distance from waters-edge. Another
important facteor that is associated with beginning flow and fry
trapping is the beginning flow history. If downramp beginning
flows in the 4,500 to 5,500 cfs range are repeated in series, the
number of fry trapped in potholes increases after each successive
downramp. If the same process is repeated followed by a downramp
with a higher level of beginning flow, the number of fry trapped
remains moderately low. High beginning flow downramps may create
rearing conditions that are unacceptable to fry. Conversely, low
beginning flows encourage fry to seek out pothole habitat since
these beginning flows coincide with a large number of pothole
connection flows. When low beginning flows are repeated, fry
numbers increase as fry already present take up residence between
downramps and other fry become newly recruited. This process
appears to be interrupted by a high downramp beginning flow which
flushes fry from potholes, starting the process over again.

These studies showed that fry may remain in potholes for
more than one downramp event or move back and forth between the
pothole and the main channel between downramps. The study
results also indicated that recruitment into an empty pothole (a
pothole that had gone dry)} can occur the first time the pothole
re-connects to main-channel flow.

The magnitude of the pothole stranding problem was estimated
by multiplying the highest level of stranding observed by the
number of days when fry were most vulnerable during the spring
season only. Within the limits of the study, the resulting index
over~estimates stranding because it conservatively assumes that
fry abundance remains constant (it does not) and that large
amplitude downramps occur throughout the vulnerability period.
This approach estimates that 9,180 salmon fry would be stranded
during a typical spring vulnerability period within the middle
and lower study reaches. There are several other sources of
error that could not be dealt with such as predation on stranded
fry and observer error. With these factors in mind it is
possible to determine and understand within some limits of
precision the magnitude of the pothole stranding problem, A
gimilar index could not be produced for the July-September,
steelhead and coho pothole trapping and stranding season because
quantitative data were not collected.

Gravel Bar Stranding

When the river level rises as a result of precipitation,
run-off, or power generation the result downstream is the same.
The waters-edge moves up the gravel bar and fry that prefer this
habitat move with it. This upramping process, in itself, doces
not create any problems for the fry since they can follow the
waterline as it moves. If for some reason an individual fry
decides not to follow the progress of the waterline, at worst it
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finds itself in habitat that is both deeper and faster then
desired. This fry may become exhausted but in most circumstances
this would not create a lethal situation since the fry can easily
move to waters—edge habitat at any time. Conversely, downramping
can lead to fry stranding if a fry can not adjust to changes in
waters-edge. During a downramp event the waters-edge habitat
moves at different speeds depending on the gravel bar slope, and
the ramping rate of the downramp. The faster the ramping rate
the quicker the waters-edge moves and the larger the amplitude
fluctuation the farther a fry must move to avoid stranding. Many
more fry are at risk during a downramp than actually become
stranded. It appears only a very small percentage of those fry
at risk actually become stranded. That is to say that the
"average fry" makes the right decisions to aveoid gravel bar
stranding and that it is the odd fry that becomes stranded
because it employs a different behavioral response (makes a wrong
decision) to a downramp event. The results also show that gravel
bar stranding is not a contagiocus behavior since most of the fry
did not strand in groups.

The effect of the various testing parameters on gravelbar
stranding between the spring and summer/fall seasons was
consistent in some cases and not in others.

Amplitude - Before these studies were completed it was
assumed that the amount of gravel bar stranding would be
consistent with the amount of gravel bar dewatered. The
larger the downramp amplitude the more fry stranded and the
smaller the downramp the less fry stranded. This hypothesis
was shown to be correct for the summer/fall season
(steelhead fry) but did not hold for the spring season
(salmon fry). During the spring season it appears that
stranding is not influenced by downramp amplitude within the
range of amplitudes tested, while steelhead fry during the
summer/£all season stranded in proportion to the amount of
gravel bar dewatered. It is not clear why stranding during
both seasons would occur more freguently near the end of a
downramping event especially a large amplitude event. It
perhaps may be linked to some hydrologic changes that happen
near the end of a downramp as river stage tries to reach an
equilibrium.

Downramp Rate — The downramp rate determines how quickly a
gravel bar will dewater which translates to the amount of
time a fry has to avoid stranding. The higher the ramping
rate the more quickly fry have to adjust to a descending
waters-edge. This factor was thought to play a major role
in determining the level of stranding. Ramping rates
tested between 1,000 - 5,000 cfs had no significant effect
on steelhead fry stranding. For steelhead it made little
difference what ramping rate was used within this range.
More interestingly, a closer examination of an accelerated
ramping rate showed that fewer fry were stranded during the
500 cfs/hr phase than the 5,000 cfs/hr phase. It is
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possible that a threshold level is reached below which the
rate of stranding is reduced and above which the rate of
stranding remains relatively constant. If such a ramping
rate exists our study indicates that it is somewhere between
500 and 1,000 cfs/hr. The same range of downramp rates were
tested during the spring season.

Unlike steelhead, salmon fry demonstrated a definite
response to differing levels of ramping rate. Significantly
more salmen fry were stranded using a 5,000 cfs/hr downramp
rate as compared with lower stranding levels from a 1,000
cfs/hr ramp rate. Ramping rates below 1,000 cfs/hr were not
tested during the spring season. Because salmon fry
responded differently to this factor than steelhead it would
not be safe to assume that stranding rates would £fall if
downramping rates were dropped below 1,000 cfs/hr.

Gravel Bar Slope - The gravel bar slope was the factor that
most significantly influenced gravel bar stranding during
both seasons. The smaller the gravel bar slope the higher
the stranding rate. Gravel bars with slopes of 0 - 5%
represent approximately 30% of the total gravel bar area,
yet accounted for more than 80% of the fry stranded during
the summer/fall season.

The gravel bar slope combined with the downramp rate
determines how fast a gravel bar will dewater. For any
downramp rate, dewatering of gravel bar habitat will occur
much more rapidly on a gravel bar with a gradual slope than
a steep one. This is because the waterline must travel
farther on a gradual slope than a steep one to reach the
same stage. The rate of dewatering and the area dewatered
increases as slope decreases. Because of this, hydrological
effects are more exaggerated on gradual slope bars.

The slope of a gravel bar also determines the distance a fry
must travel to avoid gravel bar stranding for a given
downramp event. As the slope of a gravel bar increases the
distance a fry must travel to escape stranding decreases. A
fry positioned at the waterline during a downramp event will
have to travel a much longer distance to escape stranding on
a flat gravel bar than a steep gravel bar in roughly the
same amount of time. The longer the distance traveled the
greater the risk of stranding because of greater opportunity
to become stranded. With higher ramping rates the fry must
not only travel farther to escape, but must do it faster.

River Location - The location of the gravel bar on the river
with respect to the source of the flow fluctuation has a
strong bearing on the effect of any downramping event. The
hydrologic effects of a given downramp event were always
much stronger upstream than downstream. This relationship
held true for both seasons. The location and amount of
tributary and side stream inflow also affects the strength
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of a downramping event. A combinaticn of distance and
tributary inflow are capable of masking or moderating the
effects of a downramp event, This relationship was well
established throughout the results of the various testing
factors. In almost all cases the stranding rate was higher
in the middle stream reach where the relative volume of
water involved in the event was greater compared to the
lower reach where tributary inflow and distance combine to
dampen the effects of downramping. The implications of
these results could be extended to suggest that the un-
studied upper reach may be more strongly affected than the
middle reach due to its closer proximity to Gorge
Powerhouse,

Ending Flow - Two downramp ending flows {as measured at
Marblemount) of 3,00 and 3,500 cfs were not significantly
different with respect to stranding under any testing
condition.

The magnitude of the gravel bar stranding problem was
estimated by multiplying the highest level of stranding observed
from single downramps during the spring and summer/fall seasons
by the number of days (each day represents a downramp) fry were
most vulnerable. Within the limits of the study, the resulting
indeces over-estimate gravel bar stranding because they
conservatively assume that fry abundance remains constant (it
does not) and that downramps producing the highest levels of
stranding are repeatedly used throughout each of the two
vulnerability periods. This analysis estimated that 46,695 fry
were stranded on gravel bars during the summer/fall of 1985 and
19,512 fry during the spring of 1986. There were several other
sources of error that could not be dealt with such as predation
on stranded fry and observer error. With all of these factors in
mind, these estimates make it possible to determine, within some
limits of precision, the magnitude of gravel bar stranding
problem.

Integration of Results

Common between the studies were three categories of
evaluation factors; physical and spatial (eg., bar slope and
substrate), biological factors {(eg., fish species), and downramp
factors (eg., ramp rate and amplitude). The general results of
the combined studies were comparatively discussed in terms of
these common evaluation factors. The physical and spatial
factors share the common concept that they are not directly
contreolled or altered by Seattle City Light operations. These
factors: pothole type and leocation, connection flows, substrate
size, gravel bar slope, are all very dynamic in time. For
example, the slope of a specific gravel bar can change after any
high-water event. All of these factors would be extremely
difficult to control or manipulate. Most of these factors play
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an extremely important role in fry trapping and stranding in
potholes and fry stranding on gravel bars but would be difficult
or in some cases impossible to alter to minimize trapping or
stranding.

Biological factors, such as fish species and calendar
date were shown to influence stranding but can not be
realistically altered or controlled to minimize stranding. The
results showed that certain fish species are present in the
spring months and others are present during the summer/fall
months. Some species were clearly more vulnerable to stranding
than others. It is unlikely that any of these characteristics
can be altered to minimize stranding. One of the most interest-
ing results of the combined studies was drawn from an overall
comparison of the spring and summer/fall gravel bar stranding
rates. The summer/fall steelhead fry stranding rates were much
higher than the spring salmon fry stranding rates. The only
measurable differences between the two studies were the season,
fry species, and densities. Because so many more salmon than
steelhead spawn in the Skagit River, salmon fry densities are
much higher than steelhead fry densities. If both salmon and
steelhead fry are equally vulnerable to gravel bar stranding, the
salmon fry stranding rates should be proportionally higher than
the steelhead stranding rates. The opposite actually occurred
indicating that steelhead fry are much meore vulnerable to gravel
bar stranding than are chinook fry. These results also suggest
that a higher percentage of the steelhead fry population is
affected by gravel bar stranding than salmon fry.

Downramp factors represent the final category of evaluation
factors. These factors differ from the others because they are a
function of hydropower coperations and are subject to human
control. This category of factors represents the only factor
type that can be manipulated to influence the level of trapping
and stranding. It is important to realize that modification of a
factor may reduce pothole trapping while having a reverse effect
on gravel bar stranding or perhaps spawning or red dewatering.

If a reduction of trapping and stranding is desired, each
factors relative level of importance must be reevaluated based on
each factors ability to influence trapping and stranding and
ability to be manipulated. If the factor can be manipulated its
overall level of importance is elevated above those that can not
be altered. This assessment of factors focuses on those that are
controllable and of importance to trapping and stranding. Other
factors should be considered further only if there are
significant interactions with controllable factors. Eight
factors can be controlled with differing degrees of magnitude,
difficulty and cost.

Amplitude - This factor has a greater influence over pothole
trapping and stranding and gravel bar stranding in the
summer/fall season than any other factor. If daily
amplitude fluctuations were eliminated the majority of the
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stranding losses would be eliminated without any
consideration given to the other factors. Small background
levels of stranding would still occur as a result of natural
variations in flow levels. Amplitude elimination is not
possible on the Skagit River, so it is important to
understand how the magnitude and pattern of amplitude can be
altered to reduce stranding.

To decrease the number of fry-at risk to pothole and gravel
bar stranding simultanecus, a reduced range of downramp
amplitudes and higher beginning flows would have to be
sustained to create high pothole overflows and reduced
amounts of dewatered gravel bar area. Maximum results would
be obtained by using this approach during both the spring
and summer/fall stranding seasons or at least during the
periods of peak vulnerability. Possible side-effects of
this scenario are the possible reduction in suitable fry
rearing habitat brought on by high beginning flows, and
possible steelhead red dewatering in the spring because they
may spawn higher because of higher flows. Long-term
application of a downramping scenario like this may lead to
the formation of a new set of potholes with higher
connection and dry flows. This scenario may also impact
power generation.

Ramping Rate - Ramping rate was shown to have no effect on
trapping and stranding of fry in potholes. No net change in
the number of fry trapped in potholes would result from a
reduction in ramping rates, within the range tested. During
the spring gravel bar stranding season it appears that if
ramping rates did not exceed 1,000 cfs/hr, stranding would
be reduced. If the same approach were applied to the
summer/fall gravel bar stranding season there would be no
measurable reduction in the number of fry stranded within
the range of ramping rates tested. Evidence does suggest
that if the ramping rate were lowered to 500 cfs/hr. a
reduction in stranding would result. A possible side-effect
of a 500 cfs/hr ramping rate might be an increase in fry
recruitment to potholes. Fry will have more time and
opportunity to locate and occupy potholes with the waterline
receding so much slower.

Pothole Overflow — This factor appears to be a key factor in
determining pothole trapping numbers during the spring
season. If an emphasis is placed on reducing the number of
fry trapped in potholes then downramps with beginning flows
of 4,500 - 5,000 cfs should not be repeated in series to
avoid the buildup of fry in potholes. If a series of low
beginning flow downramps is unavoidable, it should be
followed by a high beginning flow downramp to flush
recruited fry from the potholes.
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Downramp Time - The time of downramping was tested for its
possible effects on gravel bar stranding of fry during both
seasons. Daylight downramping during the spring season was
shown to strand nearly seven times the number of fry as
would the identical downramp conducted in darkness. During
the summer/fall season there were no measurable effects.
The effect of daylight and darkness downramping was not
tested for pothole trapping.

Reductions in gravel bar stranding would be achieved by
eliminating daylight downramping during the spring season.
If daylight downramping is necessary during the spring
months, the effects can be reduced by minimizing the
response level of other downramping factors that influence
stranding. During the summer season there is no evidence to
support a similar elimination of daylight downramping.

Long~Term Flow History - This appears to be one of the key
factors atfecting the number of fry trapped in potholes,
which ultimately determines the number of fry at risk to
stranding. This factor can be manipulated to reduce the
number of fry trapped and possibly stranded by following a
series of low beginning flow downramps with a high beginning
flow downramp. This sequence of downramps events allows
potholes to recruit fry during the low beginning flow series
and then to flush them out with a high beginning flow
downramp. This method would be very effective prior to any
downramp requiring a low beginning flow, which normally
would dewater a large number of potholes.

Long—-term flow history is thought to be of no importance to
gravel bar stranding since fry are constantly adjusting to
changes in waters-edge habitat caused by power generation
and tributary inflow.

Short-Term Flow History - During the few hours preceding a
downramp the evidence suggests that this factor is very
little importance to pothole trapping or gravel bar
stranding.

Downramp Ending Flow - This is a very important factor to
pothole trapping and stranding because it determines the
connection, disconnection, or dewatered status of a pothole
at the completion of a downramp event. The downramp
beginning flow and the amplitude are the two other factors
that determine which pothole becomes disconnected from main-
channel flow and which potholes will dewater.

Downramp ending flows were tested during the spring gravel
bar stranding study and the results showed that the ending
flow did not effect the number of fry stranded on gravel
bars. It appears that the area dewatered on a gravel bar is
of no importance in comparison to the type (slope,
substrate, and location) of gravel bar dewatered.
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Downramp Beginning Flow - This factor determines the upper
1imit of each downramp event and within the context of this
study appears to be of importance to pothole trapping and
stranding. This is because the beginning flow determines
which potholes are connected and disconnected at the start
of each downramp event. The beginning flow also determines
the depth of the pothole overflow which was discovered to be
a very important factor in determining the number of fry
recruited and eventually trapped in potholes. Like downramp
ending flow, this factor has no effect on gravel bar
stranding.

The results of these studies clearly show that pothole
trapping and stranding and gravel bar stranding contributes to a
loss of anadromous production on controlled, and to a lesser
extent, on uncontrolled river systems. The results of these
studies indicate that Skagit River fry stranding in potholes and
gravel bars can be minimized through the manipulation of sewveral
factors linked to power generation.

xxi
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SECTION I

INTRODUCTION

1.  GENERAL .

Regulating river flow as a consequence of hydroelectric power generation
may adversely affect some instream resources. One of these effects, the
stranding of salmonid fry on gravel bars as flows drop during a period of
decreasing power generation, has been the subject of research on the Skagit
River for over 17 years. This research, sponsored and conducted by Seattle
City Light's Environmental Affairs Division (SCL/EAD), concentrated for many
years on qualitative evaluation of fry stranding on gravel bars. More
recently, however, interest expanded to include a study of the role potholes,
small to large depressions typically found along the riverbank, play in the
capture and possible mortality of primarily chincok salmon (Qnchorhynchus
tshawytscha) and steelhead trout (Salmo gairdneri). Studies of pothole
stranding begun in 1984 indicated some mortality occurred as a result of
stranding in potholes as river flows dropped and potholes drained but results
were inconclusive (Jones and Stokes and Asscociates, Inc., 1985).
Consequently, SCL/EAD embarked on a more definitive study in 1985 that
included both a review of earlier work and an expansion of the 1984
investigations.

The 1985 pothole trapping and stranding research strove to answer two
questions. How significant is the problem of pothole stranding? And how can
it be minimized? Additionally, past gravel bar stranding data were to be
reviewed and a reanalysis made to identify any correlations that might exist
between gravel bar stranding and other pertinent environmental variables. The
field work during the spring of 1985 was partially confounded by high natural
runcff from uncontrolled tributary waters entering the Skagit River downstream
of Gorge Dam. At the same time there was a collective decision by the Skagit
River Standing Committee (composed of joint resource agency representatives,
tribes, and SCL/EAD) to shift emphasls away from pothole effects during the
steelhead fry stranding study phase to one emphasizing the impacts of gravel
bar stranding. This change in emphasis was accommodated by preparing a new
study design aimed at investigating gravel bar stranding of steelhead and coho
fry. This study proceeded as planned in August of 1985.

The relationship between salmonid fry behavior and the presence and
influence of potholes on fry survival was also studied by David A, Troutt, a
graduate student at the University of Washington's Cooperative Fisheries
Research Unit. The work by Troutt has led to a better understanding of fry
resldency time in potholes with respect to behavioral and environmental
relationships that may lead to pothole trapping and subsequent mortality.

This understanging, in turn, could be used to sharply reduce pothole stranding
as a source of mortality, should stranding play a significant role in fry
population dynamics.

The final phase of field work was accomplished in the spring of 1986.
The need for this additional work arose, in part, from studying the results of
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the reanalysis of historical gravel bar stranding data collected on the Skagit
River since 1969, The reconstruction and reanalysis of these earlier data
revealed that the selected multivariate analyses could not be made because of
data and sampling limitations and the variability inherent in a series of
studies that were not truly intended to be analyzed in combination. Through
no fault of past researchers, the data contained several other weaknesses that
prevented a conclusive analysis. These earlier data did provide a clear
picture of how such an analysis might be performed, given a suitably designed
and statistically socund sampling plan. Such a plan was prepared and
successfully implemented in the spring of 1986.

The ultimate goal of this work was to study and command a better
understanding of the pothole trapping and stranding and gravel bar stranding
phenomena of the Upper Skagit River.

2. DESCRIPTION QF STUDY AREA
a. General

Since the first gravel bar stranding study in 1969 the river reach of
most concern has been from Gorge Powerhouse at the Town of Newhalem downstream
to Rockport at the mouth of the Sauk River, a distance of 26.7 miles (Figure
1). At Marblemcunt, which is 17 miles below Gorge Powerhouse, the Skagit
River has a mean annual flow of 6,115 cfs. The Sauk River is the largest
tributary of the Skagit River with a mean annual flow of 4,375 cfs near its
confluence with the Skagit River at River Mile 67 (Figure l). Below this
downstream point the influence of the Sauk River discharge is thought to
reduce the effects of the dam operations upstream. It is probably safe to
assume that the effects of up~ and downramping are masked downstream of the
Sauk River, but this location does not represent the downstream extent of
effects. However, for these studies, Rockport Bar at the mouth of the Sauk
River represents the downstream boundary of the project area. Below this
point no data were collected. As is explained later in greater detail, the
project area was divided into three distinct stream reaches. (See Figure 1),
The upper reach starts at Gorge Powerhouse (River Mile 94.2) and extends
downstream to River Mile 84.0 just above Copper Creek. The middle reach
extends downstream to the mouth of the Cascade River at River Mile 78.1, and
the lower reach ends at Rockport, River Mile 67.5.

b. Flow Characteristics

During the months of August-Qctober and to a lesser extent in February
and March, tributary inflows within the project area are typically at low
discharge levels. During these periods the flow in the Skagit River is
largely influenced by flow releases from Seattle City Light's Gorge
Powerhouse. From a hydrologic standpoint, these time periods are when
potholes and gravel bars are most vulnerable to rapid dewatering due to SCL
operations.

During the spring snow runcff months, April-July, the many tributaries
entering the Skagit contribute heavily to the mainstem Skagit River flow.
Besides the snowmelt that occurs each spring, heavy rain-events take place
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somewhat unpredictably throughout the year but more frequently during the
winter months. Snow runcff and rain events have the same effect on mainstenm
Skagit River flow by moderating the downstream effects of Gorge Powerhouse
releases.

Daily Skagit River flow fluctuations resuylt primarily from operational
releases from Gorge Powerhouse rather than from tributary inflow. Normal
cperations typically involve larger flow releases in the early morning hours
as the demand for power increases. This creates a positive upramp wave that
moves downstream from the powerhouse as water is released at various ramping
rates. The wave is undetectable to the human eye and the slope of the wave is
determined by the rate of ramping. Once the necessary water release is
reached, it is generally held at this higher flow until late afternoon or
evening when power requirements begin to decline. At this time, flow released
from the Gorge Powerhouse is reduced back to a much lower level, but does not
fall below an agredd upon minimum ingtream flow release. The reduction in
released flow from the Gorge Powerhouse is usually a daily occurrence that is
mostly done at night. This phase of the daily operation is the "downramping
phase" and creates a negative slope wave of water that moves downstream from
the powerhouse. The relative size of the wave is controlled by the
downramping rate used at the powerhouse. The faster the downramp rate the
faster gravel bars and potholes become dewatered. This phase of power
operation is what this study focused on, since dewatering of potholes and
gravel bars result in trapped and stranded fry. Gorge Powerhouse has been in
operation since 1919 and since that time SCL has assisted 1n the development
of and has agreed to the use of specified cperational constraints beyond those
specified by their Federal license. 1In 1981 SCL entered into an interim flow
agreement with the joint rescurce agencies which regulates the rate and
magnitude of the flow fluctuation in the Skagit River.

Downramping rates as measured at Newhalem typically vary from 1,000 to
5,000 cfs/hour. Gorge Powerhouse can pass a maximum of 7,200 cfs without
spilling water over the dam. Typical releases range from 1,300 to 6,000 cfs,
There are no typical flow release patterns, but seasonally there is less
demand for power generation during the warm summer months than during the
winter months.

3. FISH RESOURCES

Four species of Pacific salmon and steelhead trout are amcong the many
fish species that inhabit the upper Skagit River with:n the study area.
Chincok, chum, and pink salmon are mainstem spawners while coho salmon spawn
almost exclusively in tributaries to the Skagit River. Steelhead spawn in
both the mainstem and tributaries of the upper Skagit River. Detailed life
history information pertaining to Skagit River stocks is found in Graybill
et al. (1979).

Chinook, pink, ¢hum, coho, and steelhead fry are all potentially
vulnerable tc both gravel bar stranding and pothole trapping and stranding
since all five of these species are present in the upper Skagit River. During
the 1985 spring pothole trapping and stranding study and the 1986 spring
gravel bar stranding study, the majority of the fry occupying vulnerable
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habitat were chinook and lesser numbers of pink, chum, and steelhead
juveniles. Steelhead and coho fry were the only two fry species present

during the 1985 summer gravel bar stranding study.

a. Chinook Salmon

Chinook salmon spawning peaks in September, with spawning activity from
late August through October. Chinock fry emerge from February-aApril, with
peak abundance in March and April. Chinook fry are found in all types of
stream habitat (main-channel stream-edge, back-channels and sloughs, and
potholes) during their freshwater rearing phase. Chinook typically outmigrate
from April through July. Most of the chinook fry have moved out of the upper
Skagit River by June.

b. Pink Salmon

Pink salmon spawning in the upper Skagit River normally takes place from
mid-September through October. Pink fry are present in low numbers in both
January anéd February, with peak abundance found in March and tailing off into
April. Since pink salmon tend to spawn in odd numbered years, large numbers
of their fry are present in habitat wvulnerable to gravel bar and pothole
stranding in even numbered years. Pink salmon fry, when present, are
primarily found in main-channel habitat areas versus back-channel and pothole
habitat. Pink fry spend very little time in the upper Skagit, with most fry
outmigrating by May.

c. Chum Salmon

Chum salmon spawn in November and December in side channels and slow
water main-channel areas of the upper Skagit River. Chum fry emerge in
February-April, with peak abundance typically observed in April and May. Like
the pink fry they are found primarily in main-channel habitat and typically
have moved downstream ocut of the upper river area by June.

d. Coho Salmon

Ccho spawn in tributary streams of the upper Skagit between October and
January. Fry begin to emerge from the gravel in low numbers in February and
March with most of the fry coming up from April-June. Unlike most of the
other salmon fry, coho remain in the Skagit River for approximately 18 months.
Most of the coho fry occupy pothole and back—-slough areas and seem to avoeid
main-channel gravel bar habitat. Coho smolts outmigrate in the spring each
year.

e. Steelhead

Much of the steelhead spawning takes place in the tributaries of the
upper Skagit River (Philllps et al. 1980). Most of the spawning occurs in
April and May. The fry resulting from each spawning cycle begin to emerge in
early June, with peak abundance in August and September. Outmigrating smolts,
which typically remain in freshwater for 24 months, leave the Skagit system
during the spring months.
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SECTION II

HYDROLOGY OF THE SKAGIT RIVER

1. GENERAL DESCRIPTION OF THE HYDROLOGY IN THE STUDY AREA

The Skagit River is typical of many larger western Washington rivers.
It originates in the North Cascade Mountain Range north of the Canadian border
and enters Puget Sound through a complex and expansive delta. As is often
apparent in western Washington streams, the gradients in most upstream reaches
of the Skagit River are much more steep than in reaches near the mouth. For
this reason and others, the Skagit River was chosen as an excellent prospect
for generation of hydroelectric power, leading to the development and
operation of three high head dams. Ross Dam and Powerhouse 13 the largest in
terms of power generation and reservoir volume and is located furthest
upstream. Diablo Dam and Powerhouse is the middle power plant of the three
and is located near the town of Diablo. The lowest dam and power plant is
Gorge bDam. The dam and its detached Powerhouse are located near the Town of
Newhalem. Operations of the three reservoir and generation systems are
interconnected in a very complex and dynamic fashion.

The Rogs Dam and Reservoir facility is mainly used as a storage, flood
control, and power generating system. Diablc Dam and Reservoir is operated as
a storage, flocd control, and steady power generation system much like the
operation of the Ross complex, but smaller in scale. The Gorge Dam and
Powerhouse facility is operated differently than the cother two powerhouses
because it is freguently used to supply the peaking power demands of
electricity customers.

2. FLOW CONDITIONS WITHIN THE STUDY REACH
Biological and physical effects of flow fluctuations downstream of the

Gorge Powerhouse are the subjects of this study. The resulting flows below
the powerhouse are a combination of mainstem Skagit River flows and tributary

,flows that enter the river below the system of reservoirs. Together these

create the conditions that are experienced throughout the downstream reaches
of the Skagit River. The raising and lowering of the river stage is the most
noticeable condition and seems to be the driving force behind the stranding of
many of the salmon and steelhead fry that is cbserved. Changes in stage are
synonymous with changes in flow. The rate of change of flow and change of
stage are governed by operations at the Gorge Powerhouse, weather, and
streambed conditions and are termed the ramp rate. Ramp rates can ke thought
of as “"upramps" or “downramps” depending on whether the flow rate is
increasing or decreasing., Another flow characteristic that is related to the
ramp rate and the flow is the amplitude of a particular “ramping" event. The
amplitude of an event is the total change in flow from the beginning to the
end of an event. The amplitude and the rate of change determine the magnitude
of the ramping event.
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The Skagit River below Gorge Powerhouse usually experlences a
fluctuation in flow due to daily electricity generation. The characteristics
of this fluctuation vary widely in terms of amplitude, ramp rate, base flow,
and the flow rate at which the event stops. Figures A-1 through A-14 in
Appendix A illustrate the shape of typical flow rate versus time hydrographs
for the Skagit River before and during the study tests. These plots identify
the flow rate at two different locations downstream of the powerhouse
(Newhalem and Marblemount), including any increase in flow that occurs over
the reach. The plots also illustrate the stream channel's frictional effect
on the downramping event and how the event 1s attenuated both in magnitude of
the peak flow rate and the speed at which the event passes the gaging station.

Following these hydrographs are three tables, one for each study, with
the daily requested versus actual pothcle and gravel bar stranding flow
parameters (Tables A-15 to A-17). In nearly all cases, the actual flows
closely paralleled the reguested flows.

Two United States Ceoclogical Survey (USGS) gaging stations are located
within the study reach and are used to verify flow information and duration
from the powerhouse. The most upstream gage used is the Newhalem gage, USGS
$1217800 near Newhalem. The other gage of interest is the Marblemount gage,
USGS #12181000 near Marblemount. These two gages are separated by
approximately 15 river miles. USGS primary flow records from the Newhalem and
the Marblemount stream gages were used throughout the entire study to
determine all flow-related parameters used in the analyses. The length of
travel time (defined as time required for a downramp event to move from
Newhalem to Marblemount) is important because it is a factor that affects the
rate at which the stage of the river changes for any location along the river.
Typically, travel times between Newhalem and Marblemount ranged from 2 to
3-1/2 hours., depending on several factors, such as the base flow rate of the
river, the ramp rate of the event, precipitation conditions, the conditions of
bank storage before and after an upramp event, the gradient of the river
channel, and the occurrence or lack of hydraulic controls.

The base flow rate of the river is defined as the flow condition before
or after an event, This flow condition is very close to a steady—state
equilibrium, especially when compared to the dynamic flow conditions created
during a ramping event. The flow can also be in a state of change. If the
base flow is high and the riverbanks are full, then a positive wave of water
caused by an increase in power generation would travel downstream faster than
if the base flow were low. Likewise, if the base flow is high, a negative
wave of water caused by decreasing power generation will travel downstream
faster than if the base flow were low. In turn, a fast stage change (high
ramp rate) will produce a fast moving waterline. Variations in travel time
are also related to the effective smocthness of the river as related to the
channel configuration and the depth of water in the channel.

The flow fluctuations used during the study attempted to exemplify the
day-to-day flow regimes encountered on the Skagit River and, at the same time,
satisfy the needs of the statistical design. The actual testing events used
are described in Section III ~ Approach and Methodology.
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The ramping rate (rate of flow change) also affects the travel time of a
ramping event as depicted by a hydrograph of the event. A fast upramp or
downramp will create a flow condition that 1s changing rapidly and will result
in a waterline that moves much faster than for a slower ramping rate. This
occurs because the speed at which the event's wave of water passes a certain
location is influenced by how fast the fiow stage changes.

Precipitation or snowmelt-caused increases in tributary inflow create a
more dynamic or changing base flow which, in turn, affects the travel time of
a given ramping event. These changes in base flow are not only unpredictable
but tend to create dynamic flows over a longer period of time. The intensity
and form of precipitation are factors that will affect the change in flow,
depending on how fast the water from the precipitation enters the river.

The travel time of each flow event is also affected by the type of the
river channel. Travel time is greatly affected by rivers that are lined with
gravel substrate such as in the Skagit River. The substrate that is found on
most of the study reach gravel bars is filled with many interstitial spaces
that collect water. The ability of the stream channel to collect water is
termed bank storage. An increase in flow, which increases the stage, will
cause an infiltration of water into the porous gravel-lined streambank. Then,
it the flow is reduced such as during a typical downramp event, there remains
behind a large gquantity of bank stored water that is gradually released back
into the river as the stage falls away from the gravel bar. It is thas
process that causes the travel times of events to change in length and
magnitude. A dry as opposed to a saturated gravel bar bank will slow the
travel time and lessen the magnitude of an event until bank storage and the
river stage reach an egquilibrium. The process of bank storage produces very
dynamic flow conditions that influence the extent and rate of river stage
change and the depth and drainage of water in potholes adjacent to the river.

As described earlier, fluctuations in flow, both natural and man-caused,
create changes in river stage which in turn changes the location of the
waterline on any gravel bar. Generally, the waterline or waters—edge is an
area of lower velocity which is a preferred habitat of newly emerged salmonid
fry.

The physical area of waters-edge is always moving up and down the face
of the gravel bar. The speed and distance that this waterline moves over the
face of the gravel is affected by several factors. The factors influencing
the speed of waterline change include the ramp rate of the powerhouse release,
the river channel size, and shape and the slope of the gravel bar. The most
cbvious factor is the speed at which the river stage changes. This factor is
controlled by dam operations or tributary inflow. The other factors (width,
depth, channel roughness, and river gradient) are all physical characterlistics
which vary with location and time. Another important physical factor is the
slope of the gravel bar, A flat-sloped gravel bar will produce a faster
moving waterline for a given drop in stage than a steep-sloped gravel bar.
Past gravel bar stranding researchers theorized that a waterline's receding
speed was an important factor influencing fry stranding on gravel bars.



SECTION TI - PAGE 4

Potholes aleong the Skagit River, like gravel bars, are affected by the
various rate of flow changes that occur as a result of dam operations and
tributary 1nflows. The physical location, elevation, and the origin of the
pothole determine whether a pothole will become connected to the river upon
some upramp or determine the depth of the pothole when disconnected. The term
"conneccion” is applied to a condition that occurs when the water 1n a pothgle
begins to touch the water in the main stem of the river. Sometimes flow will
actually travel across the top of the pothole or it will simply touch the
edge, thus allowing fish the opportunity of entering or exicing,

The conditions of bank storage will influence the depth and connectivity
of a pothole to the river. If the river stage is high preceding a downramp
event, those pothcles that are high in elevation would be likely to connect if
they were at or near the maximum river stage, As the river stage drops,
potholes that are lower in elevation than the maximum river stage will begin
to disconnect from the river. Those potholes that are left high on the bank
will also begin to dewater or go dry as the water in bank storage drains out
of the gravel bar. The pothole depth will vary depending on the amount of
bank storage, amplitude, and length of the event. The difference i1n elevation
between the water level in the pothole and the river and the porosity of the
pothole bottom will govern how fast the pothole will drain. The actual
connection-depth, or drying flow of a pothole is a very difficult and dynamic
thing to determine and is everchanging.
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SECTION III

OBJECTIVES AND APPROACH

There were four major areas of work:

1985 Spring Pothole Trapping And Stranding Field Study
1985 Summer/Fall Gravel Bar Stranding Field Study
1986 Spring Gravel Bar Stranding Field Study

Reanalysis/Reconstruction Of Past Gravel Bar Stranding Data

Each of the four major study components had several associated subtasks.
The approach and methodology for the four major study areas and subtasks
follows in this section.

1, 1985 SPRING POTHOLE TRAPPING AND STRANDING STUDY

Objectives and General Description of Field Studies

The following list describes the objectives of this study which were
developed and agreed upon by Seattle City Light, Skagit Standing Committee,
and the R. W. Beck and Associates project team.

o

Conduct field tests to determine the susceptibility of salmon fry
and steelhead juveniles to pothole stranding.

Determine the locations, physical characteristics, and flow
characteristics of all potholes within the study area.

Determine what physical and hydrologic factors influence pothole
trapping and stranding of salmonid fry and juveniles.

Determine the magnitude of pothole stranding by salmonid fry in
the Skagit River between Rockport and Newhalem.

Determine how pothole stranding by salmonid fry can be minimized
within the Skagit Riwver Study Area.

Determine residence time of salmonid fry species moving into and
out of potholes.

T¢ meet these objectives, a well conceived study design was developed to
provide the data types and gquantities needed to answer these guestions. In
general, the field studies were implemented to collect biclogical, hydrologic,
and physical data relating to a series of pothole trapping and stranding tests
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conducted between February 23 and May 16, 1985. Pothole data were collected
from 24 distinct pothole areas and 239 individual potholes. A subset of these
potholes was chosen to be monitored on a daily basis throughout the field
study period. These potholes were chosen because they trapped or stranded fry
during the Jones and Stokes, Inc. 1984 pothole study. In addition to these
potholes, another series of potholes was chosen at random to represent the
remainder of the pcthole population not having a history of trapping or
stranding fry. These random potholes were changed for each pothole test.
Pothole testing was attempted on every weekend from February 23 to May l6. On
several occasions weather-caused high water events masked the experimental
requirements of a selected amplitude fluctuation and downramping rate which
prevented using these data in the analysis. 1In all, 13 tests were completed
without complications. The testing parameters were three levels of
downramping amplitude fluctuations (1,000, 2,500, and 4,000 cfs) and two
levels of ramping rate (1,000 and 2,000 cfs/hour). The flows preceding these
test weekends were uncontrolled except for March 9 and 30 and May 15 when flow
releases from Gorge Powerhouse were held constant for 24 hours prior to the
test downramp. Table 1 displays the test types, by date for the spring 1985
pothole fry stranding studies. The testing schedule was structured so that
the two testing variables were balanced with respect to time and replication.
The original study design called for a set of 16 test days; due to weather
constraints only 13 of the required tests were completed which left an
incomplete and unbalanced statistical design.

(1) Study Design

The experimental design used for the pothole trapping and stranding
study in the spring of 1985 was based on the study objectives developed
through discussions with Seattle City Light staff and the Skagit Standing
Committee. The pothole study conducted by Jones and Stckes, Inc. in 1984 was
closely reviewed prior to completion of the study design. The factors
incorporated into the study design consisted of those that were of particular
interest and those that were judged likely to affect pothole trapping and
stranding significantly.

The study design involved the selection of a set of potholes from which
hydrologic, physical and biclogical data were collected after a downramp of
predetermined amplitude, ramp rate, and flow history. The majority of these
one-day tests were conducted on the weekends when Seattle City Light could
best satisfy the testing requirements controlled by dam operation.

The potholes selected for mandatory cobservation were those having a
history (Jones and Stokes, Inc., 1984) of trapping and/or stranding fry.
These potholes were monitored during each test to determine how they
responded, as measured by numbers trapped and stranded, to changes in
amplitude and ramping rate changes. An additional set of potholes, from those
without a history of trapping or stranding, was selected at random prior to
each test conducted. The same data were collected from these potholes. The
study design balanced the three levels of amplitude and two levels of ramping
rate over the 12 weekend sampling period.

Factors affecting pothcle stranding were divided into three categories.
Pothole characteristics describe the physical features and location of the



TABLE 1

TEST TYPES 8Y DATE
SPRING 1985 POTHOLE SALMON STRANDING STUDY

----- EVENT DESCRIPTION=————
DATE TEST NO. AMP RAMP

FEBRUARY 23, 1045 1 A2 A
MARCH 2 2 At R2
MARCH 3 3 A2 R2
MARCH 9 4 A3 At
MARCH 1 0 ] A Rt
MARCH 18 6 A2 Ri
MARCH 17 T Al R2
MARCH 23 8 A R2
MARCH 24 9 A2 A2
MARCH 30 10 AZ R2
MARCH 31 11 A3 A2
APAIL @ 12 Al R
APRIL 7 13 Al R1
MAY 15 14 Al R2
MAY 186 1§ A3 R2

Amgplitude: Al = 1000 ecfs

A2 = 2500 cfs

Ad = 4000 cfs

Remp Rate: Ri = 1000 c¢fs/hr
A2 = 2000 cfa/hr

Note: In genersi, all weskend tests wars preceded by no specific
amplitudinal or ramping changes, excapt Maerch 8, March 30, and
May 15 ware specifically held st u constant flow rate with
no changs in amplitude for 24 hours.
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potholes. They include factors such as cover, substrate, depth, elevation
(measured by connectivity flow) drainage (measured as dry flow) and trapping
and stranding history.

The second category of factors describe the hydrological conditions of a
downramping event such as ramp rate, amplitude, beginning flow, end flow, and
time of day.

The third category includes factors which affect seasonal fry behavior
and abundance in the study area. The major factors here are time of year and
annual fry abundance.

All three of these cateqories were considered in the development of the
experimental design. A study constraint inherited from previous studies was
that tests should occur on weekends. The principal reascns quoted for this
constraint were that some spacing between tests was needed to make them
independent of one another and also the cost of testing was less on weekends
{in terms of hydroelectric generation). This constraint had the unfortunate
consequence cof extending the test period over a long period of time. Since
time was identified as a critical variable, the effects of changing fry
densities and size was to be compensated for by dividing the study into three
month-long time strata for experimental design purposes.

Given the objectives stated above, it was judged necessary to make as
many observations of pothole trapping and stranding as possible. To
accomplish this, a probability sample among the identified potholes was
selected by ranking them (based on the 1984 chservations) in terms of
stranding and trapping. The 50 potholes selected were responsible for 100% of
all stranding and 70% of all trapping in 19864,

The remaining potholes were classified by cover (2 levels) and substrate
(2 levels) and for each downramping test an additional number of potholes was
drawn at random from each stratum. The actual number of random potholes
surveyed after each test varied depending upon logistics.

For the analysis it was necessary to use data from potholes c¢onnected to
the main-channel flow at the beginning of the downramp event and subseguently
disconnected as flow was reduced. Consequently, potholes with connectivity
flows exceeding the beginning flow of a test were excluded (some of this
elimination occurred prior to the tests and scme was done in a later data
editing phase), This restriction was necessary so that fry trapped from
earlier downramp events with higher beginning flows would not be confused with
fry actually trapped by the experimental downramp. It should be noted that
data was collected from potholes with connections €lows higher than the
actual beginning flow, but this data was eliminated prior to the analysis
since it did not reflect the cutcome of the experimental downramp but rather
an earlier downramp.

The conceptualization of the pothole stranding phenomenon viewed a
pothole much like a unit of fishing gear. In order for it to trap fry, it
must be in operation at the right depth in the right place. Now if the trap
is left undisturbed for a while and then closed in some manner (by the
receding water) fry may be caught. The study was thus designed te examine the



SECTION III - PAGE 4

effects of downramp rate and flow history (hydrology on day preceding test).

Table 2 shows the prescribed test conditions for 9 weekends of testing.
The rows represent three levels of time separated by one weekend. As the
study progressed, it became clear that this spare weekend was needed to
provide SCL sufficient flexibility and to deal with unpredictable tributary
flow conditions.

The design matrix is balanced with respect to amplitude and ramp rate.
The amplitude sequence between Tuesday and Saturday tests are never repeated.

Plus signs in Table 2 indicate the six tests that were completed as
prescribed. Due to adverse weather conditions, the study could not be
completed as designed.

(2) Reccnnaissance of Potholes

Prior to the start of any pothecle trapping and stranding tests the
individual potholes had to be identified by boat survey from Newhalem
downgtream to Rockport. At each pothole area (typically a gravel bar
containing a number of different potholes), the individual potheles were
located, marked with a coded flag, and a rebar with fiberglass metric tape was
installed in almost all potholes so that pothole water depth could be
monitored. At each pothole area a stream channel staff gage was installed to
monitor changes in river stage. Each pothole area was mapped to identify
location and general size of each pothole. (See Appendix B). The potholes
surveyed during this reconnaissance described the "pool" of potheoles that were
selected from for further pothole testing.

(3) Pothole Trapping and Stranding Tests

The data collected for these tests described above were of two types:
first, bioleogical data regarding the number of fry trapped (live fry that were
observed in a disconnected pothole), and stranded (fry that were dead as a
result of pothole draining, or extreme water temperatures); and second,
physical/hydrologic data including time of observation, pothole depth, stream
gage reading, water temperature, and connection/disconnection status of the
pothcle. These data were collected repeatedly for each pothole from when the
observer arrived on the bar in the early morning through the early portion of
the ensuing upramp. Appendix C contains the field data forms and the data
collection procedures manual used by the cobservers when collecting pothole
data. Each cobserver was assigned a pothole area containing one or more
pothole(s) that he or she was responsible for. At the end of each test day,
the data collected from each bar site was summarized onto one sheet (see
summary sheet in Appendix C). The summary sheet had one entry per test day
for each pothole observed. The summary data for each pothole follow:



TABLE 2

SPRING 1985 SALMON FRY POTHOLE TRAPPING
AND STRANDING IN POTHOLES STUDY DESIGN

Week 1 Week 2 ()] Week 3 @ Wesk 4
(2/23~2/2 4} (3/2-3/3) (3/9-3/10) 3/18=-3/17)
Thuraday Noon - Friday Night » " AQ Monthiy
Friday Night -~ Saturday Dawn A2, Al,A2 A3,R1 Muks—-up
Saturday Night - Sundsy Dawn AlR1 A2,R2 A3, R1 Test
week 5 @ week 8 & Wuk"f ® Wesek 8
(3/23~3/24) 3/30-3/31} {4\8=4/7) (4713-4/1 4)
Thursday Noon — Friday Might AQ . L Monthly
Fridey Night — Saturday Dawn A2,R2 ALR1 A3,R2 Make—up
Saturdey Night = Sunday Dswn Ad,R2 ARl AZ,R2 Test
Week 9 Vesk 10 @ Waek 11 Week 12
(4/20=-4/21) (4/27=4/28) (5/4-5/5} {(5/11-512)
Thursday Nean = Friday Night ] Al " Monthly
Friday Might — Ssturday Dawn AZR1 A1, R2 A3, A1 Make—up
Saturdsy Night ~ Sunday Dawn AZ,At A3 R2 ALR1 Tast
Jitu a Rats He »

No Preferred
Ampiltude or Raste

AD = 0(£100)

At = 1000(2100)
AZ = 2500{+250)
A3 ® 4000(+400)

At = 1000(+100)
R2 = 2000 or more (+200)

Gensral

# After ths Initial downramp event, flow will be brought back up to
previous 2 4=hour high level immediately following observations.

0 Flows sheuid be adjusted upward_‘only fo the extent needed to
achieve the prescribed smplituds.

0 Waeks 4, 8, and 12 may be shifled In front of sny of the
precading three weeks,

@ The plus sign Indicates lests were completed ma prescribed
(although some of thess did not eccur on the dstes Indicated)
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test date

cbserver

weather code

pothole site

pothole number

fry trapped

fry stranded

pothole depth (min/max)

000000 O0C0Q

The summary data formed part of the database used to conduct the
analysis.

{4) Data Processing and Analysis

The data from the field forms were entered onto a microcomputer using
the R-Base 5000 software program. Detailed data processing algorithms are
available upon request. All analysis and data processing was done on
microcomputers (IBM compatible). All data currently reside on R-Base 5000
files. The statistical analyses were performed using a software package
called CRISP.

CRISP is an interactive statistical package used for database
manipulaticon, data transformation, and a number of standard statistical
analyses; such as, ANOVA, multiple regression, principal components, t-tests,
and several non-parametric tests. CRISP also allows the user to display data
in tabular and graphic form,

Because the planned experimental design could not be completed the
anticipated analysis had to be modified to accommodate these changes. The
coriginal intent of the statistical analysis approach involved the use of ANOVA
to examine the effect of ramp rate and flow history on trapping and stranding
in a representative set of potholes with a history of fry trapping and strand-
ing. Due to the collapse of our experimental design, we were unable to
examine the most important hydrological factors affecting pothole stranding.

b. Study Subtask Descriptionsgs of Purpose and Approach

(1) Pothole Connection and Dry Flow Determinations

(a) Purpose

Potholes are capable of trapping and stranding fry only if they become
connected to main-channel flow which provides the opportunity fry need to
enter pothole influenced habitat. 1In general, potholes range in size from 1
to 50 feet in length or diameter. The larger the pothole area, the greater
the potential trapping area. Once fry become trapped inside a particular
pothole, several different gituations may develop depending on the pothole
type. From a physical standpoint, there are four basic pothole types:
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small/shallow
small/deep
large/shallow
large/deep

o O 00

Typically, the river flow fluctuates daily as a result of power
generation. Depending on pothole type, a trapped fry will generally be
subjected to the following situations. With a modest flow fluctuation, a
small, shallow pothole will he mostly or completely dewatered. The same
gituation results in a large/shallow pothole because wetted perimeter
dewatering is a function of pothole depth and bank gradient. With a
large/shallow pothole more wetted perimeter is dewatered and, since the
trapping area is larger, even more fry are potentially at risk to stranding.
In deep potholes, both large and small, the risk of stranding is greatly
reduced since much larger flow fluctuations are required to dewater and dry
these pothole types. One of the primary responsibilities of the pothole
studies was to document the "connection"™ and "dry" flows associated with each
pothole. The connection flow is defined for this study as the discharge
measured at the Marblemount gage required to create the flow that first puts
the pothole in physical contact with surface flow in the main channel of the
river. A pothole dry flow is the discharge measured@ at the Marblemount gage
that allows a pothole to become dry or completely devoid of water.

(b} Approach

Connection Flow Determination. A "connected pothole” is defined as a
pothole that is physically connected to the main channel of the river by
surface water. A "disconnected pothole" has no physical contact with the
surface water flow of the river. The following describes the technique used
to determine the river flow, measured at the Marblemount USGS gage, at which a
given pothole becomes connected to the main channel river flow. For purposes
of this study the connection or disconnection flow for a given pothole is
considered identical. The only difference between the two is that a
connection flow is associated with a rising river flow or upramp and a
disconnection flow with a descending flow or downramp.

The data types used to determine pothole connection flows originated
from time-linked field observations of river flow and pothole connection/-
disconnection status. Connection flow estimates used observations made under
stable flow conditions, since dynamic flow conditions (significant changes in
river stage) would require the development and use of a complex hydraulic
model. Stable flow conditions were present in the early morning hours prior
to the upramping wave of dynamic flow or well after the upramping wave had
passed a pothole location. The changes in river stage were monitored
periodically throughout each test day so that stable flow pothole data could
be identified for later use, The spring 1985 pothole study collected data
primarily from potholes that trapped or stranded fry during the Jones and
Stokes, Inc. 1984 study. Since these potholes were résponsible for the
trapping and stranding of fry, they were considered to be of most importance
for hydrologic data collection. Individual pothole observations were made 5
to 15 times per day during the course of the 13 days of formal pothole
testing.
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To determine the connection flow of a pothole, two types of data were
needed. First, the maximum observed Skagit River flow for a pothole when
disconnected from main-channel flow and secondly, the minimum observed flow
when the pothole remained connected to the main channel (See Figure 2). These
two pieces of data bracket the actual connection flow of a given pothole. 1In
theory, the tighter the bracket between these observations, the closer to the
true connection flow. The mean of these two values closely approximates the
connection flow of a pothole. When these twc data types were available for a
pothole, they were used as the primary method of determining the connection
flow,

A second method of determining a pothole connection flow was from the
direct observation of pothole connection under stable flow conditions. When
available, these data were used in conjunction with the approach described
above.

When these data types were not available, two other methods of
connection flow estimation were used. The third alternative method used the
maximum observed disconnection flow for a pothole. At any river discharge
below this level, the pothole will always be disconnected, but it is not known
how much higher river flow must go before pothole connection is achieved.

Many of the potholes requiring the use of this connection flow estimation
alternative were higher flow potholes for which connection flow observations
could not be made because they exceeded the highest observed study flows.

The fourth method used connection flow estimates derived from the Jones
and Stokes, Inc. 1984 pothole studies. Although the Jones and Stokes, Inec.
estimates were derived using the first method described above, their data were
collected differently which confounded the connection flows. For example, the
maximum disconnected and minimum connected flow observations were not always
made under stable flow observations. Secondly, lower river pothole connection
flow estimates were tied to predicted Rockport flows rather than known flows
at the Marblemcunt USGS gage. Jones and Stokes, Inc. collected their data in
the spring and summer months of 1984 and, due to the dynamic nature of pothole
formation and modification brought on by high flows, the change in connection
and dry flows is unknown as is the disappearance and formation of potholes
between their study and ours. Most of our connection flow estimates used the
first two methods described above which are the most accurate means of
estimating such a dynamic parameter. The method or source used to calculate
each connection flow is specified for each pothole in a summary table that
appears in Section IV of this report.

Dry Flow Determination. Once a pothole has become disconnected from
main-channel flow, any fry inside are trapped until the pothole becomes
reconnected. Once disconnected, if river flow continues to drop, the depth of
the pothole will decrease until it goes dry, unless river flow stabilizes.

The river flow that coincides with the point at which a pothole goes dry is
termed the "dry flow". Our database allows for the estimation of a specific
flow at which a pothole typically may go dry. The estimated dry flow for each
pothole will, on the average, represent when a particular pothole might go
dry. But this estimate can be confounded by many factors such as bank
storage, specific pothole drainage, and how long river flow is held down
before next upramp. Dry flow estimates, like connection flows, can naever be




FIGURE 2

TYPICAL POTHOLE SHOWING WATERLINES USED
TO CALCULATE A POTHOLE CONNECTION FLOW

GRAVEL BAR —, g oA

\ AV
W
TYPICAL POTHOLE

A= Lowest observed endflow where pothole was connected to mainchannel flow.

B= Highest observed endflow where pothole was disconnected from mainchannel flow.

POTHOLE CONNECT FLOW = (A+B)+2
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exact because so many different factors affect them. In any event the values
derived are valid predictors of when a particular pothole is expected to 4o
dry; however, these flows must be used carefully due to the dynamic nature of
potholes.

The methods used to estimate a pothole's dry flow closely parallel those
used to calculate connection flows. The depth of each pothole was monitored
daily over the course of the pothole testing period during the spring of 1985.
Many of these same potholes were monitored again during the gravel bar
stranding studies conducted in August of 1985. Both data sets were then used
to produce dry flow estimates for as many potholes as possible.

Three different methods of determining pothole dry flows were used. The
first method, and perhaps the most accurate, used the highest observed river
flow when the pothole was dry (no water depth) in conjunction with the river
flow that created the minimum pothole depth (preferably 0.1 foot). The
average of these two values represents an accurate prediction of a pothole's
dry flow (See Figure 3).

When data of this type did not exist for a pothole, a regression
procedure was used to predict the dry flow of some potholes. The regression
required multiple observations of river flow versus pothole depth., Data
collected during observation were used to predict a river flow that produces a
pothole depth of zero (dry pothole).

The third dry flow estimation procedure used the Jones and Stokes, Inc.
dry flow data. We derived these estimates using their data and the flrst
approach discussed above.

(2) Pothole Trapping and Stranding Significance

(a) Purpose

Another cbjective of the spring 1985 pothole study was to provide a
means for determining the magnitude of salmon fry trapping and stranding in
potholes within the Skagit River study area., BEarlier research did not provide
a means for predicting the relative magnitude of the pothcle stranding
problem. The impact of pothole dewatering 1s best measured by the number of
fry stranded, not by the number trapped, for a given set of Gorge Paowerhouse
operations criteria such as ramp rate and beginning and endflow of a downramp
event. The number of trapped Ery is less significant since they are not
normally harmed.

Two possible sources of mortality on trapped fry are predation and elevated
water temperatures. Our studies could not confirm either type of mortality
during the spring pothole trapping and stranding study. The pothole water
temperatures were menitored during the spring study and never exceeded normal
levels of water temperatures. Observers constantly monitored their pothcles
and never witnessed birds preying on live fry trapped in potholes although
birds were commonly seen on gravel bars and around potholes. Although these
two possible socurces of fry mortality may well contribute to total fry
mortality it is presumed to be only a small number of fry compared to the
total number of fry stranded in pothcles. This study was designed so that a
matrix could be produced capable of predicting the number of potholes that



FIGURE 3

TYPICAL POTHOLE SHOWING WATERLINES USED
TO CALCULATE A POTHOLE DRYFLOW

GRAVEL BAF‘\ TYPICAL POTHOLE

~}~B depth should be

less than or equal
to 0.2 feet

A= Lowest endflow with pothole depth < 0.2 feet.

B= Highest endflow with a dry pothole,

POTHOLE DRYFLOW = (A+B)+2

EXAMPLE CALCULATION

Example: Pothole #10 has a minimum depth observation of 0.1 foot on March 10,
which corresponds with an endflow of 3650 cfs at Marblemount USGS gage.
This pothole also had seven (7) observations where pothole was dry,
The third dry observation has the highest endflow of 3550 cfs at the
Marblemount USGS gage, so the estimated dryflow would be:

(lowest endflow w/pothole depth 0.2 feet + highest endflow w/a dry pothole)+2 = Dryflow
Pothole #10 Dryflow = (3650+3550)+2 = 3600 cfs



SECTION III - PAGE 9

become disconnected and the average number fry trapped and stranded for six
combinations of amplitude fluctuaticns and ramping rates.

(b) Approach

Two information types were needed to construct this matrix: pothole
connection flows and the average number of fry trapped and stranded in each
pothole. The first step in constructing the matrix was to determine which
potholes were affected (connected and disconnected) by the 21 combinations of
downramp event beginning and endflows. Once the potholes were identified for
each combination, the average-trapped and stranded fry for each pothole were
summed, which represents the total trapped and stranded for each combination.
Thus, for a downramp with a specified beginning and endflow, the total number
of potholes affected could be identified and the summation of the average
trapped and stranded could be calculated. The matrix is capable of making
trapping and stranding predictions over the range of flows observed during the
pothole trapping and stranding study. Beyond this range of flows, data are
not available regarding the number cof fry trapped and stranded. The accuracy
of this estimate is controlled by the limits of the study. For example,
observer error and predation on trapped and stranded fry have not been
factored into the estimation. If these two variables were factored in the
estimates of fry trapped and stranded totals would presumably be higher than
those presented. However, the estimate does assume, for the entire
vulnerability period, that the largest observed number of fry would be trapped
and stranded each day. The highest observed trapping and stranding totals are
represented by the largest downramp amplitude tested (6,000 to 3,000 cfs). In
reality Seattle City Light has never operated their facilities with such
consistently high downramp amplitudes. During the summer (1985) gravel bar
stranding study, hydrologic data pertaining to pothole connection and drying
flows were collected to supplement data collected the previocus spring. These
data were collected primarily to determine the connection and dry flows for
potholes that connect or go dry below the lowest observed spring flows.

The estimate derived from this approach is used to represent the
significance or magnitude of pothole trapping and stranding. This estimate
was developed within the limits of the study and does not reflect sources of
error guch as cobserver error and predation on fry trapped or stranded in
potholes.

(3) Pothole Residency Timing for Salmon and Steelhead Pry

{a) Purpose

Pothole residency timing of salmon and steelhead fry in 28 potholes
along the Skagit River was studied by Troutt and Pauley (1985) during the
spring and summer of 1985. This study was performed in conjunction with
pothole trapping and stranding and gravel bar stranding studies being
conducted by R. W. Beck and Associates. Trapped fry were defined as being
isolated from the main river in dlsconnected potholes, and had no relation to
salmonid mortality. Mortality from stranding only, results when potholes
dewater and go dry. The results of their study are summarized below. For
greater detail, refer to the report in Appendix E.
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Troutt and Pauley's (1985) study was the first study on the Skagit River
specifically designed to evaluate the residency time of salmonid fry in
potholes. Their study addressed the following questions:

fal Which species of fry are most likely to be trapped in
potholes during different seasons of the year?

o] How long do salmonid fry remain in individual potholes
bafore moving out?

0 How do certain pothole characteristics such as depth, cover,
and proximity to the river affect pothole residency time of
salmonid fry?

(b) Approach

Troutt and Pauley (1985) selected a subset of 28 potholes representative
of the approximately 250 potholes along the Skagit River between Rockport and
Newhalem previously identified by Jones and Stokes, Inc. (1984). Potholes
were separated into groups based on available cover and proximity to the river
because these factors were expected to test for influence on the residence
time of young salmonids. Available cover was classified as low, moderate, or
heavy based on a subjective evaluation of pothole depth, substrate
composition, overhead cover, and undercut banks. Pothole location with
respect to the river was designated as "connected" if the pothole was adiacent
to the main river and regularly inundated during river flow fluctuationms.
"Isolated" potholes were relatively far from the main river, on side channels
or back sloughs.

Two separate conditions were examined. In the spring research focused
on evaluating how river flow fluctuations resulting from Seattle City Light's
Skagit River Project affected pothole residency timing ¢f chinook salmon in
potholes. A similar study in late summer evaluated pothole residency timing
of steelhead and coho salmon in potholes.

Seattle City Light fluctuated river levels on a daily, predetermined
test schedule during both studies as required by the R. W. Beck study design.
Flow releases at Gorge Dam varied from a high of 4,500 cfs to a low of 2,300
cfs in the spring and 1,700 <fs in the summer. River flows were raised to a
predetermined maximum during the night prior to each test and then reduced to
their lowest point just before daylight. Decreases in flow were sufficient to
separate potholes from the main river, Fish were sampled from potholes during
the early morning before flow increase submerged the potholes.

Each test day, fry were removed from each pothole, marked, measured,
then returned tc the same pothole. On sequential days, the number of marked
to unmarked fry was used to estimate the residence time of fry in potholes.
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(4) Sauk River Salmon Fry Trapping and Stranding in Potholes
(a) Purpese

Most rivers, whether flows are controlled by man or uncontrolled, have
potholes associated with them. Researchers studying potholes and gravel bars
on the Skagit, Cowlitz, and the Sultan Rivers have not documented pothole
trapping and stranding on an uncontrolled river to compare with a controlled
river that has trapping and stranding of salmon fry. The purpose of this
study task was to first document the presence and location of potholes on an
uncontrolled river, the Sauk River, and secondly to qualitatively determine
the magnitude of fry trapping and stranding that might normally take place on
a river system of this type.

{b) Approach

The timing of a pothole trapping and stranding survey was agreed to be
coincident with a declining river stage following a high-water event. This
timing was chosen to give fry an opportunity to become trapped in potholes,
but before they became preyed upon or stranded. The Sauk River was chosen
because of its close proximity to the Skagit drainage and because the Skagit
and Sauk River gravel bars and potholes were similar in geology and
conformation. Aerial maps of the Sauk River were used to identify and locate
gravel bars to be searched for potholes and trapped and stranded fry. The
Sauk River from the Darrington Bridge to the second Government Bridge was
surveyed in two days using drift-boats for transportation to each gravel bar.
The 15-mile survey was split into two reaches. The upper reach of the survey,
Darrington (River Mile 22.0) to the mouth of the Suiattle River (River Mile
13.0), is approximately 9 miles long. The lower reach began at the Suiattle
River and extended downstream to the Second Government Bridge (River Mile 6.8)
for a reach length of 6.2 miles.

Each gravel bar was surveyed for potholes and each pothole was numbered
and total trapped and stranded fry were visually counted. A small number of
potholes were electroshocked to determine the general composition of trapped
fry.

2. 1985 SUMMER/FALL GRAVEL BAR STRANDING FIELD STUDY

a. Obdectives and General Description of Field Studies

The following list describes the six objectives of this study which were
developed and agreed upon by Seattle City Light, members of the Skagit
Standing Committee, and R. W. Beck and Associates. It should@ be mentioned
that this work represents a shift in original project scope of services from
pothole studies.-to gravel bar stranding studies.

(1) Identify measurable factors affecting gravel bar stranding of
steelhead and coho fry between Rockport and Newhalem on the Upper
Skagit River.

(2) Examine the relationship of such factors to each other and to
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gravel bar stranding for the purpose of devising strategies to
minimize losses.

(3) Determine the "window" of steelhead and coho vulnerability to
gravel bar stranding in terms of flow, calendar date, and fry
size or age.

(4) Assess the extent of gravel bar stranding by steelhead and ¢oho
fry within the project area.

{5) Determine residence time of steelhead and ccho fry moving into
and out of potholes.

A study design was developed that was consistent with the data
requirements of the objectives and would be operationally possible for Seattle
City Light. Once this design was approved by the Skagit Standing Committee,
it was implementad. Unlike the spring pothole stranding tests conducted on
weekend days, these tests were completed on consecutive days. The reason for
this approach was to conduct the tests while fry densities were relatively
stable. To meet this prerequisite, it was necessary to begin near the peak of
fry emergence and complete them before fry abundance changed significantly.
The peak was identified by monitoring a pre-determined set of potholes and
gravel bars twice/week until fry emergence levels became high enough to
initiate the formal gravel bar stranding testing phase. The testing phase
required the completion of 18 one-day tests which were conducted between
August 2-20, 1985. The testing parameters were: two levels of downramp
amplitude fluctuations (2,000 and 4,000 cfs); and three levels of downramping
rate (1,000, 5,000 cfs/hour, and an accelerated ramping rate) that were
controlled by Seattle City Light for the tests. All of these parameters were
measured at Newhalem. A total of 315 gravel bar sites were chosen for study
(see Figure 1). These sites were balanced with respect to site location
{middle or lower reach), bar slope (three levels), and bar substrate type (two
levels). Three replicates of each gravel bar type were selected based on a
complete inventory of gravel bars within the study area. Table 3 displays the
test types by date for the summer/fall gravel bar stranding studies. Appendix
P contains a summary of the field data collected during the gravel bar
stranding tests.

Four secondary investigations were conducted in conjunction with the
gravel bar stranding tests. The first, an observer accuracy experiment was
conducted to test the sampling accuracy of the visual observation technique
used to locate stranded fry on gravel bars. Each test reguired randem
placement of fry on predetermined gravel bar test sites without the observer's
knowledge prior to the test. The number and exact locations of the marked fry
were documented so that recoveries could be interpreted accurately.

Individual bar characteristics (e.g., large rocks, roots, debris, bar
depresaions, and logs) were mapped during the course of the study for each 200
foot gravel bar test site. This mapping procedure allowed fry stranding
locations to be compared with the physical features of a gravel bar.



TABLE 3
TEST TYPES BY DATE
SUMMER 1985 GRAVEL BAR STEELHEAD STRANDING STUDY

------- EVENT DESCRIPTION-w~==w==
Double Test
DATE TEST NO. AMP RAMP AMP RAMP
AUGUST 2, 1985 1 Al R2 Al R2
AUQUST 3 2 Al R2
AUQUST 4 3 A2 R3
AUGUST § 4 A2 A1
AUGUST 8 ] A2 R2
AUGUST 7 8 Al R3
AUQUST 8 T A2 R2
AUGUST 10 s A2 A3
AUGUST 11 ] Al R2 Al A2
AUGUST 12 10 Al A3 Al R3
AUGUST 13 1 Al At
AJGUST 14 12 A2 R1
AUBUST 1§ 13 A2 Rt
AUGUST 18 14 Al A1 Al R3
AUGUST 17 15 Al R3
AUGUST 18 18 A2 A3
AUGUST 19 17 A2 A2
AUGUST 20 18 Al A2

Amplitude: A1 = 2000 cis
A2 = 4000 cfa

Ramp Rats: R1 = 500 cfs/hr for 1/2 hour then 5000 cis/hr (il
R2 1000 cfs/hr
RY = §000 cfs/hr

(). The sccelarated ramprate for the A2 = 4000 cfs tests had an actual
downramp of 500 cfs/hr for 1.5 hours rather than 0.5 hours.
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Four of the 18 gravel bar tests included daylight downramping in
conjunction with the darkness downramping to determine if there are any
detectable differences between light and dark downramping on steelhead and
coho gravel bar stranding.

Blectroshocking was done throughout the gravel bar testing phase in
three different habitat types; main-channel gravel bar, back-slough, and
pothcles. This information was used to compare the species composition and
the length frequencies of the populations occupying these habitats with the
*population® of fry that are stranded on gravel bars.

(1) Study Design

The experimental design used for the gravel bar stranding study in 1985
was based on study objectives developed through discussions with Seattle City
Light staff and the Skagit Standing Committee. Background information was
obtained in part from a review of previous summer gravel bar stranding
studies. The factors incorporated in the study design consisted of those that
were of particular interest and those that were judged likely to affect
stranding significantly.

In statistical terminology a gravel bar stranding experiment involves
the application of various treatments (flow fluctuations) to a number of
subjects (gravel bar plots). A unit plot was defined as a 200-foot section
(as measured parallel to the river) of gravel bar which is relatively uniform
with respect to substrate size and slope.

During preliminary site surveys numerous potential unit plots or sites
were identified and cataloged. Study sites were then systematically selected
on the basis of their location above or below the Cascade River at
Marblemount, bar slope, and substrate size. The classification of the
35 sites selected is shown in Table 4. For practical reasons the site
selection within each stratum was not always random. For example, safe access
by field samplers eliminated certain sites from consideration., It is doubtful
that serious biases were c¢reated through the selection process; however, sonme
caution is advisable in interpreting results extrapolated beyond the study
sites.

The primary treatment factors were downramp amplitude and rate., Two
levels of amplitude were tested (2,000 and 4,000 cfs of flow reduction respec-
tively) and three levels of ramp rate. The latter levels consisted of
1,000 cfs/hour, 5,000 cfs/hour and an accelerated rate which started at
500 cfs/hour and then increased to 5,000 ¢fs/hour. The experiment was
balanced with respect to these factors with each treatment combination
repeated three times over 18 test dates (Table 5).

In addition to the primary treatment factors, the effect of day versus
night downramping was of interest. The 18 tests referred to above were
conducted during darkness. Four daytime tests of 2,000-cfs amplitude were
conducted three hours following the completion of each of four 2,000 cfs night
tests.



TABLE 4
SUMMARY TABLE SHOWING THE STUDY DESIGN GRAVEL BAR TYPES AND
REPLICATES FOR THE SUMMER/FALL 1985 GRAVEL BAR STRANDING STUDY

NUMBER OF
SLOPE SUBSTRATE
RIVER LOCATION CATEGORY CATEGORY GRASVSE BAR
s
<3" 2
0-5%
>3" 2
‘MIDDLE <3’ 4
REACH >8-10% -
<3" 3
>10X%
>3° 2
<3" 4
0-5%
>3"
LOWER <3" 2
REACH >5-10% 1 )
<3" 4
>10%
>3" 1
TOTAL NUMBER 35
- OF BAR SITES




STEELHEAD GRAVEL BAR STRANDING STUDY

TABLE 5
SUMMARY TABLE SHOWING THE STUDY DESIGN EVENT TYPES
OVER THE TEST PERIOD FOR SUMMER/FALL 1885

DOWNRAMP
AMPLITUDE EVENT RAMPING RATE REPLICATE |TOTAL NUMBER
FLUCTUATION CATEGORY (CFS/HOUR) NUMBER OF TESTS
(CFS) (TESTS)
UPPER ACCELERATED
2000 CFs 1000
DEWATERED 5000
4000 CF5 9
LOWER ACCELERATED 3
2000 CFS 1000 a
DEWATERED 5000 3
ACCELERATED
DAY 1000 4
5000
2000 CFS
ACCELERATED 3
NIGHT 1000 2 9

5000
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To shed further light on stranding behavior, the coordinates of each fry
observed and each pre- and post-downramp waterline were recorded. This
allowed the splitting of each 4,000-cfs amplitude test into two successive
2,000-cfs tests.

The experimental design called for controlling endflow effects by
requiring each downramping test to end at 2,500 cfs. Fry emergence and
density change over time and are controlled by many factors such as adult
escapement and water temperature during the incubation period. The gravel bar

stranding tests were conducted on consecutive days during or near the peak of
fry emergence so that fry density changes would be minimized as much as
possible. During the spring 1985 pothole study, it was apparent that fry
densities change unpredictably in each of the pothole areas studied. These
cbservations combined with the unsuccessful attempts by past researchers to
accurately monitor fry density led to the approach taken. Systematic trends
in population size due to seasonal changes were avoided by balancing
replications over time.

(2) Reconnaissance of Gravel Bar Sites

The reconnaissance involved a complete inventory of all gravel bars
betwean Copper Creek and Rockport and the selection of 35 gravel bar sites
{all 200 feet long). The study design called for three replicates of each of
the six possible combinations of gravel bar slope and substrate for each of
the two gtudy reaches for a total of 36 gravel bar sites. The reconnaissance
surveys were unable to locate all of the possible combinationa, so only
35 sites were used. The most difficult combination to find was steep slope
(greater than 10%) with small substrate {less than 3 inches). It should also
be noted that the upper reach (Copper Creek to Gorge Powerhouse) was not
studied due to several overriding operational and logistical factors. WNo fry
stranding data were collected from the upper reach but the gravel bars were
characterized by slope, substrate, and length during a survey completed near
the end of the spring 1986 gravel bar stranding study. The 35 sites chosen
met the requirements of the study design, which specified several levels of
testing variables such as upriver vs., down-river bar location,
high/moderate/low gravel bar slopes, and large vs. small bar substrate. Once
the reconnaissance survey was completed, the gravel bar types and locations
were selected so that they met the requirements of the study design and were
logistically possible to sample. After the 15 gravel bar sites had been
selected, each was prepared for use by setting up reference point rebar
markers with a coding system (Figure 4). Where possible, gravel bar areas
ugsed during past gravel bar stranding studies were selected 3¢ that past
gravel bar stranding histories could be compared with the results of this
study. The reconnaissance alsc involved selecting a second set of index
potholes that were to be monitored in conjunction with gravel bars,

(3) Gravel Bar Stranding Tests

Three data sets were collected by an observer that was responsible for a
gravel bar location which had 2-4 gravel bar study sites. The high and low
waterlines were measured from predetermined reference points, stranded fry
were counted, their precise location measured as shown in Figure 5, and the
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species and total length of each stranded fry was recorded for each site. The
data collection procedures and the data forms used are provided in Appendix C.

Fach waterline shown in Figure 5, whether a high, low, or low/low
waterline, was represented by measurements from the reference points at each
gravel bar site. Between the reference points the actual waterling is
typically non-linear as represented by the waters-edge line in Figure 5 which
roughly follows the measured low/low waterline.

Pothole data were also collected during the gravel bar stranding testing
period. These data were collected to supplement pothole hydrologic data
¢collected during the 1985 Spring Pothole Trapping and Stranding Study so that
pothole connection and dry flows could be more accurately estimated. 1In
addition to the hydrologic data, observers collected data on the number of
trapped and stranded fry. These data were not intended to be used in an
analysis as it was qualitative in nature, but as a means of monitoring the
relative extent of pothole trapping and stranding during summer months when
both steelhead and coho fry are present. The data form and procedure manual
for this data collection effort are shown in Appendix C.

(4) Data Processing and Analysis

The data from the field forms were entered onto microcomputer using the
R-Base 5000 software program. Detailed data processing algorithms are
available upon request. All analysis and data processing was done on micro
computers (IBM PC compatible)., While the use of micros imposed some
congtraints on the complexity of statistical analyses, the flexibility and
portability more than compensated for this weakness. All data currently
reside on R-BASE 5000 files. The statistical analyses were performed using a
software package called CRISP (marketed by CRUNCH SOFTWARE).

The statistical analysis was performed as follows., Examination of cell
means versus standard deviation suggested a linear relationship implying that
a log transformation might be suitable to stabilize the variance. Inspection
of cell variances for transformed data verified the appropriateness of this
transformatlion.

Table 6 shows the independent variables used in the analysis of night
tests (day versus night stranding is analyzed elsewhere in this report) and
the number of levels at which each was observed.
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TABLE 6

LEVELS OF EACH INDEPENDENT DESIGN VARIABLE
1985 SUMMER/FALL STEELHEAD FRY GRAVEL BAR
STRANDING STUDY

Variable “Number of Levels
Amplitude .... 2
Ramp Rate .... k|
SlOope ...svene 2(1)
Substrate .... 2
River Location 2
Week Number .. 3
Total Number
of Cells .. 144

{1) - Slope levels 2 and 3
were poocled.

Preliminary review of data showed a marked difference in stranding
between the sites above and those below Marblemcunt. Separate ANOVA were thus
performed in RIVLOC=1 (above Marblemount) and RIVLOC=2 (below Marblemount).

b. Subtask Purposes and Approaches

{1) Biclogical Factors Affecting Fry Vulnerability
to Gravel Bar Stranding

(a) Purpose

During the summer months (July-October), there are primarily two species
of salmonid f£ry, steelhead and coho, that are present in the Skagit River that
could be affected by gravel bar stranding. WVulnerability to gravel bar
stranding of steelhead and coho fry begins as soon as emergence from gravel
takes place and probably continues until both species leave the Skagit as
smolts. The peak vulnerability period, which occurs when the majority of
gravel bar stranding takes place, may only affect a fry species during a
particular size or time related period. The major purpcses of this study
effort were to understand and document the biolcgical window of vulnerability
of steelhead and coho fry to gravel bar stranding.

{b) Major Obiectives

o Determine which species are vulnerable to gravel bar
stranding.
o Determine the biological window of wulnerability as a

function of fry size and/or calendar date.

o Determine when most fry have exceeded the size/age of peak
vulnerability,
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{c) Approach

Two types of data were collected to provide information needed to meet
the needs of the objectives discussed above. First, the species and the total
length of each fry found stranded on gravel bars were recorded by date and
location on gravel bar. Second, fry were electroshocked from several
different habitat types (main channel, back-slough, and potholes). Species
and total length data were collected for each fry captured. Electroshocking
was conducted pericdically throughout the August 1985 gravel bar test phase.
The analysis of these data involved a time-wise comparison of the species
composition and length frequency distributions of fry stranded on gravel bars
versus representative samples of electroshocked fry from main-channel habitat,
which is the habitat dewatered during a downramping event and occupied by fry
vulnerable to gravel bar stranding. If a particular fry age/length interval
is more susceptible to gravel bar stranding than the other, there will be
clear differences between the length fregquency distributions of each
population subsample. Similarly, differences in the species composition of
fry stranded on gravel bars and inhabiting main-channel habitat will provide a
measure of species specific wvulnerability. PFor a fry species to be wvulnerable
to gravel bar stranding, it must bhe present in vulnerable habitat. For this
reason, three different habitat types were sampled for fry presence to
determine habitat preferences and presence of fry species in them. A fry
species exhibiting a habitat preference for the area dewatered by downramping
would be more vulnerable than a species occupying another type of habitat that
is less affected by downramping.

To determine the boundarieg of the peak vulnerability period, the
beginning and the end must be defined. Fry are not susceptible to gravel bar
stranding until they emerge from the gravel. Once they have emerged and,
provided they remain in habitat dewatered by downramping, they will remain
vulnerable until they grow large encugh to avoid gravel bar stranding or they
move out of the gravel bar stranding habitat. Data used to define the bound-
aries of peak vulnerability included electroshocking data to monitor growth
from emergence until it appeared that gravel bar stranding rates had declined
dramatically. Electroshocking took place throughout the entire experimental
sampling phase from August 1 to October 5, 1985. Electroshocking took place
throughout the entire experimental sampling phase from August 1 to Qctober 5,
1985. These data can be coupled with gtranded fry length data over the same
time period to determine the peak vulnerability period. 1In addition, three
gravel bar areas were monitored bi-weekly for stranded fry from August 31 to
October 5, 1985 following twenty daily gravel bar stranding tests Erom August
1l to August 2(. The three bars chosen for the late season gravel bar
monitoring were Rockport, Marblemount, and Fungus bars. These bars
represented the middle and lower river bars that stranded large numbers of fry
relative to the nine bars not chosen. The monitoring program was continued
until stranded fry numbers were reduced to zero. When this occurred, it was
assumed to represent the end of the peak vulnerability.
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(2) Fry Stranding Location Relationships

(a)  Purpose

The precise location of a stranded fry could be influenced by a variety
of hydrologic, physical and temporal factors such as ramp rateg, amplitude
fluctuation, time of day, or physical features on the bar. Relating the
stranding locations to thegse factors could provide further insight into the
understanding of gravel bar stranding phenomena. The purpose of this task was
to explore gravel bar stranding location with respect to these facters.

(b) Approach

The basic approach involved constructing a graphic plot of a gravel bar
study site with the precise locaticns of each stranded fry, gravel bar
features, and downramp beginning and ending waterlines with respect t¢ the
reference points established at each 200-foot gravel bar site. The first
requirement of this task was to develop a means of accurately identifying the
location of fry within each of the 35 gravel bar study sites. This was
accomplished by taking triangulation coordinates from two reference points for
each stranded fry (See Figure 5). These coordinates were then transformed and
placed on a graphical plot representing each bar site. The same technique
was used to map out the coordinate locations of physical features present on
the individual gravel bars. For example, the location of a pothole was set by
taking the coordinate measurements for the pothole. The final coordinates
used to construct the gravel bar plots relate to the high and low waterlines
(See Pigure 5).

(3) Significance of Steelhead/Coho Fry Gravel Bar Stranding

(a) Purpose

Gravel bar stranding of salmonid fry has been documented by many
fisheries researchers over the years. Most of these studies had no
quantitative means for determining the magnitude of gravel bar fry stranding
impacts on the Skagit River. The intent of this study task was to develop a
method of estimating the number of fry stranded on gravel bars between
Newhalem and Rockport, given certain hydraulic conditions relating to the
amplitude fluctuation of a downramp event, the downramp rate, and the river
discharge level at the end of the downramp. The matrix that was developed for
this purpose can be used to evaluate the magnitude and impact of gravel bar
stranding on salmon fry in the spring and steelhead in the summer/fall. The
matrix was developed and is subject to the limitations of the study. It does
not and could not adjust for several potential sources of error such as
observer error and predation on stranded fry.

{b) Approach and Assumptions

Two types of data were needed to develop the matrix. First, a
comprehensive inventory of all gravel bars within the 26 mile study area had
to be completed. Each gravel bar was characterized by "bar slope*, or
steepness and primary or dominant substrate size. The length of each bar type
was summed for each study reach. The study reach breakdown follows: the



SECTION III - PAGE 19

upper river reach begins at Newhalem and extends downstream to Copper Creek;
the middle river reach begins at Copper Creek and ends at the mouth of the
Cascade River; and the lower river reach extends from the Cascade River
downstream to the mouth of the Sauk River (See Figure 1).

The second data type used to complete the matrix was an estimate of the
average number of fry stranded on a 200-foot bar (the standard length of this
study's gravel bar test sites) for all 108 combinations of river reach, bar
slope, substrate type, downramp amplitude fluctuation, and ramp rate. These
averages were derived from the gravel bar stranding tests that are described
in greater detail in Section III of this report. Using these two data types
in conjunction provides a means for predicting the total fry stranded for six
different flow scenarics. The only exception to this methodology is that the
values to estimate the average number of fry stranded in the upper river reach
were the same as those used for the middle reach since the upper reach was not
studied. The following rationale was used in reaching this decision. Gravel
bar stranding rates were higher in the middle river than in lower river. This
was reason encugh to assume that upper river stranding rates would be equal to
or higher than the corresponding stranding rates for the middle river. The
effect of Gorge Powerhouse's flow fluctuation dissipates with distance from
the source of the fluctuation. If the lower river had lower stranding rates
on the average than the middle river then it would seem reascnable to predict
that the upper river would have even higher stranding rates than the middle
river since it is so much closer to the source of flow fluctuations. However,
many other factors enter into this rationale such as fry density differences
baetween reaches and whether the middle river and upper river are both close
enough to Newhalem that the effect would be indiscernible. After taking all
of these factors into consideration, the decision was reached to use the
middle river stranding values for the upper river rather than make some broad
and far reaching extrapolations.

The results of the matrix could be applied to the daily flows of the
Skagit River during the period of peak fry vulnerability to determine the
overall impact of gravel bar stranding on an annual basis. The approach used
involves taking the highest predicted stranding total from the matrix and
multiplying this value by the number of days fry are vulnerable to gravel bar
stranding. Within the limits of the study this approach represents a "high-
side" prediction of total fry stranded during the fry vulnerability period.

(1) Observer Accuracy Testing

(a) Purpose

Gravel bar fry stranding tests have been conducted on the Skagit,
Cowlitz, and Sultan Rivers in recent years. All of these studies required
visual counts of fry stranded. The purpose of this experiment was to
determine the accuracy of a typical observer attempting to locate fry visibly
stranded on a gravel bar of several different physical makeups. A
determination of cobserver accuracy is extremely important to a guantitative
study of this type. Observer accuracy was determined by comparing the number
of fry placed on a gravel bar in a visible position to the number of fry
actually detected by an observer.
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(b) Approach

The original approach involved random placement of a known number of live
fry on one of the 35 bar sites used in this study. The observer then searched
the entire bar for stranded fry, both the fry placed on the bar for the
control test and those naturally stranded. This technique failed because live
fry, when deposited on the bar with a bucket full of water showed a definite
gtate of panic resulting in an immediate search for cover under rocks or
debris. Once concealed, these fry did not always become visible to the
obgerver. All of the fry struggled once the water drained from the immediate
area. Some of these fry worked their way out from underneath cover and others
did not. A primary assumption of these tests was that all fry deposited on
the gravel bar remain visible so that the observer has a chance to find them.
Pry that are stranded beneath cover could not be found by the observer which
violates an eggential principle of the experiment.

OQur second approach involved placing dead fry, stranded from the previocus
day, on a predetermined bar site and measuring the precise locations of each
fry on the site. The number of fry placed on a bar was varied so that the
observer had no preconceived idea regarding the number of fry he or she would
be searching for on a given 200-foot-long gravel bar site. Control tests were
also conducted on different types of gravel bars to see If the complexity of
the substrate affected observer accuracy.

3. 1986 SPRING GRAVEL BAR STRANDING FIELD STUDY

a. Objectives and General Description of Field Studies

The spring 1986 gravel bar stranding studies were requested by Seattle
City Light and agreed upon by the Skagit Standing Committee and R. W. Beck and
Associates. The need for this additional work resulted 1n part from a
reanalysis of historical gravel bar stranding data for Skagit River salmon
fry. The reconstruction and reanalysis of the data revealed that multivariate
analyses ¢could not be conducted due to data and sampling constraints and
variability inherent in a series of studies that were not truly intended to be
analyzed in combination. The data had several other weaknesses that prevented
a reanalysis from determining anything conclusive. This reanalysis did
provide a clear picture of how a study could be designed.

The objectives of these studies are identical to those of the summer/fall
1985 gravel bar stranding studies discussed in Section V. The study approach
and design used the gravel bar stranding model developed for the summer/fall
steelhead stranding study as a basis of the study design developed for the
spring studies. The only changes involved new levels of amplitude, ramping
rate, and endflow levels. Amplitude fluctuations had two levels (2,000 and
4,000 cfs), downramp rates two levels (1,000 and 5,000 cfs/hour), and endflow
levels of 3,000 and 3,500 cfs as measured at Marblemount. Another notable
study requirement involved the beginning flows used for each test. To achieve
the two required endflows at Marblemount, the beginning flows had to be
manipulated at the Gorge Powerhouse. The study was designed to allow Seattle
City Light to exceed the prescribed beginning flows if the flow was held
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stable For one hour prior to the start of the desired downramp. The
hydrographs in Appendix A show that beginning flows were exceeded on only a
few occasicns. Table 7 displays the test types, by date, for the spring 1986
salmon fry stranding tests. A total of 24 tests were conducted between
March 13 and April 14, 1986.

Three small-scale experiments were completed during this study phase, all
of which were designed to contribute to a better understanding of pothole
trapping and stranding and gravel bar stranding mechanism. For years fry
stranding studies emphasized the possible effects of scavenged fry by
predators such as birds and raccoons on the observed number of fry seen on
gravel bars by observers. A small experiment was conducted to determine the
level of these effects on data collected by observers. A&nother smaller study
conducted at the time of the gravel bar stranding tests consisted of a series
of experiments aimed at determining the "rate of fry recruitment®™ to potholes
of different types and locations. One of the primary purposes of this study
was to determine how guickly fry reinhabit potholes that have gone dry,
stranding the fry within them.

The purpose of the third experiment was to determine the accuracy of a
typical observer attempting to locate fry stranded on a gravel bar of several
different physical makeups. A determination of observer accuracy is extremely
important to a quantitative study of this type. Observer accuracy was deter-
mined by comparing the number of fry placed on a gravel bar 1n a visible
position to the number of fry actually detected by an observer.

(1) Study Design

The experimental design was similar to that used for the 1985 study. The
study sites used in 1985 were resurveyed, remarked, and used again with only
minor modifications. Table 8 shows their classification with respect to
location, substrate and slope.

The flow schedule was modified to accommodate two amplitude levels, two
ramp rate levels, two endflow levels, and three temporal replicates of each
treatment combination resulting in the 24-day test scheme displayed in
Table 9.

(2) Reconnaissance of Gravel Barg

The reconnaissance of gravel bars had two different phases. The general
approach to gravel bar site selection focused on using the same sites
identified in the earlier study as they fit the study design requirements.
Consequently, the gravel bars used in the 1985 Summer/Fall Gravel Bar
Stranding Study were resurveyed to document any changes in substrate type or
gravel bar slope. If they remained unchanged they were selected and, if they
had changed, they were replaced by another site. The study design required a
balanced distribution of gravel bar sites with respect to middle/lower river,
gravel bar slope, and substrate type. A second survey was conducted to locate
gravel bar sites that could replace those that no longer fit the design
requirements.

Both the Summer/Fall 1985 and the Spring 1986 Gravel Bar Stranding



TABLE 7
TEST TYPES BY DATE
SPRING 1986 GRAVEL BAR SALMON STRANDING STUDY

DATE TEST NO. AMP (1) RAMP (1) END FLOW (2)
MARCH 13, 1088 1 A2 At E{
MARCH 1 4 2 Al RY Ef
MARCH 15 3 A2 R E2
MARCH 18 4 A2 R2 E2
MARCH 17 5 A2 A2 €1
MARCH 18 6 Al ' A2 El
MARCH 19 7 Al A E2
MARCH 20 8 Al A2 E2
MARCH 28 '] A2 R1 €2
MARCH 27 10 Al R2 E2
APRIL 1 1 Al A1 £1
APAIL 2 12 Al R E2
APAIL 3 13 A2 A2 E1
APRIL 4 14 A2 A1 3]
APRIL § 15 A2 R2 E2
AFRIL @ 186 Al A2 El
APRIL 7 17 Al A2 E2
APRIL 8 18 Al Rt E2
APRIL 9 10 A2 R2 E
APRIL 10 20 Al A1 El
APRIL 11 21 A2 R1 E1
APRIL 12 22 K2 Rt E2
APRIL 13 23 Al A2 E1
APRIL 14 24 A2 R2 E2
Amplitude: Al = 2000 ciy {1) Measured at the Newhalsm USQGS Qage.

A2 = 4000 cts
{2) Measured st the Marblamount USAS Qage.
Ramp Aate: Ri= 1000 cfs/tv
Rz =" $000 cfs/hvr

End Flow: Ei1 = 3000 cfs
E2 = 3500 cfs



TABLE 8
SUMMARY TABLE SHOWING THE STUDY DESIGN GRAVEL BAR TYPES AND
REPLICATES FOR THE SPRING 1986 GRAVEL BAR STRANDING STUDY

NUMBEAR QF
SLOPE SUBSTRATE GRAVEL BAR
RIVER LOGATION CATEGORY | CATEGORY SITES
(REPLICATES)
<3" 2
0-5%
>3" 2
MIDDLE <3 4
REACH >5-10% -
<3" 3
>10X%
>3 2
<3" 4
0-5%
>3" 4
LOWER <3 2
REACH >5-10% - ,
<3" 4
>10X
>3" 1
- TOTAL NUMBER 35
QOF BAR SITES




TABLE 8

SUMMARY TABLE SHOWING THE DESIGN AND EVENT TYPES
OVER THE TEST PERIOD FOA THE SPRING 1988 GRAVEL BAR STRANDING STUDY

DOWNRAMP AMPLITUDE EVENT RAMPING RATE | ENDFLOW TEST WEEK TOTAL NO.
FLUCTUATION (CFS) CATEGORY (CFS/HOUR) (CF8) NUMBER (1) | NUMBER OF TESTS
1 1
3000 13 2
21 3
1000
3 1
3500 ) 2
UPPER 22 3
2000 CFS
DEWATERED 5 1
2000 15 2
19 3
5000
4 1
3500 14 2
24 3
4000 CF5 12
1 1
3000 13 2
21 3
1000
3 1
3500 ) 2
LOWER 22 3
2000 CFS
DEWATERED s 1
3000 15 2
19 3
5000
4 1
3500 14 2
24 3
2 1
3000 11 2
20 3
10C0
7 1
3500 12 2
2000 CFS 13 3
2000 GFS DEWATERED - ) 12
3000 18 2
23 3
$000
8 1
3500 10 2
17 a

.

Ses Tabie 7 for the test number,
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Studies collected data from gravel bar sites between Copper Creek and
Rockport. The stream reach above this area was not evaluated due to several
constraints imposed by the study design and manpower/loglstic considerations.
Although not truly part of the initial recomnaissance effort, a final gravel
bar survey of the upper river {Newhalem to Copper Creek) was made to complete
the inventory of gravel bars within the entire study area. The results of
this survey are presented in the results section of this report.

(3) Gravel Bar Stranding Tests

The general approach and methodology used for these tests were almost
identical to those used during the 1985 summer/fall gravel bar stranding
tests. 'The only real difference is that the high-water line of a test was not
monitored daily by the observer because, unlike the summer/fall tests, the
high-water line did not change significantly because endflow water levels of
the four different test types were controlled by the study design. The
details for data collection procedures and example data forms are found in
Appendix C.

(4) Data Processing and Analysis

The same approach and methodology as the one described above for the 19385
study were used in 1986. WNote that the statistical procedures used for both
analyses consisted of classical analysis of variance and t-tests on
log-transformed data. (This transformation successfully stabilized the
variance for both data sets). The response variable in all analyses was the
number of fry stranded per bar site per event.

b. Subtask Purposes and Approaches

(1) Biological Factors Affecting Fry Vulnerability
to Gravel Bar Stranding

{a) Purpose

Gravel bar stranding of salmonid fry is dependent on the fry being
present and, when present, occupying gravel bar habitat dewatered by downramp
events. There were four salmonid species; chinook, chum, pink, and steelhead
present in the Skagit River during the field portion of these studies. Every
other year (odd years) pink salmon return to the Skagit River to spawn. Pink
salmon that spawned in the fall of 1985 produced emerging fry in the spring of
1986 that were exposed to gravel bar stranding. Fellowing emergence, pink fry
move quickly downstream toward saltwater and, as such, are vulnerable to
gravel bar stranding for only a short time. Chum salmon fry resulting from
fall spawning adults, like pink fry, spend only a short amount of time in the
upper Skagit River on their way to saltwater. Chum, unlike pink salmon, spawn
every year. Chinock salmon alsc spawn every year in the fall, and their fry
emerge in the spring months and are vulnerable to gravel bar stranding since
the fry rear in the Skagit River for some time after emergence (typically
90 days). Steelhead juveniles are also present in the spring months, having
over-wintered after emergence in the previous summer/fall (typically between
July and August). Given that these species are present as described above,
the major objectives of these studies were:
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o] Determine the relative wulnerability of these four salmonid
species to gravel bar stranding.

o Determine the biclogical window of vulnerability as a
function of fry size and/or calendar date for each species.

o Determine when the fry of each species have exceeded the
size/age of peak vulnerability,

(b) Approach

The methods used to accomplish these objectives are identical to those
described earlier in this section as applied to steelhead and coho fry data
collected Auguat-October 1985, The spring 1986 gravel bar stranding tests
were conducted between March 13 and April 13. Further sampling after the
formal testing phase did not take place as planned.

{2) FPry Stranding Location Relationships

{a) Purpose

Precise stranding locations of fry may be influenced by several factors
including downramping rate, amplitude fluctuation of the downramp, ending flow
of the downramp, and physical features on each gravel bar. The purpose of
this task was to explore gravel bar stranding location with respect to these
factors.

(b)  Approach

The same graphical plotting approach described earlier 1n this section
was used to explore the possible relationships between fry stranding location
and the aforementioned physical and hydrological factors. The results were
hampered by extremely low numbers of fry stranded on individual gravel bars.
Por many of the graphical plots, each representing a 200 foot section of
gravel bar, less than three fry were stranded for any particular compariscn
type (e.g9., 4,000 cfs amplitude fluctuation, 1,000 cfs ramping rate and 3,000
cfs endflow). For this reason, the only plots that were usable were those
showing the stranding locatlons of all fry for a particular site regardless of
the test type.

The disappearance of gravel bar features between the fall of 1985 and the
spring of 1986 was another problem that could not be anticipated prior to the
spring studies. The significance of this was that there were relatively few
gravel bar sites possessing any distinguishable features. Therefore, any
poesible relationship between fry stranding locations and physical character-
isticas of a gravel bar could not be fully examined.
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() Significance of Gravel Bar Stranding

{a) Purpose

The intent of this study task was tc develop a method for estimating the
number of fry stranded on gravel bars between Newhalem and Rockport Bar given
certain hydraulic conditions relating to the amplitude fluctuation of a
downramp event, the downramp rate, and the endflow achieved at the end of a
downramp event. The results of the matrix produced can be applied to the
daily dam operations to estimate the number of fry stranded on gravel bars
through the seascon. This stranding total can then be used to evaluate the
magnitude of the impact on salmonid resources in the Skagit River.

(k) Approach

The approach and methodology used to develop the matrices were identical
to those developed and used for the summer/fall steelhead gravel bar stranding
study.

{4) Scavenging of Stranded Fry

{(a) Purposge

Juvenile salmon and steelhead stranded on gravel bars are frequently
counted to get an idea of how many fry are killed by a fluctuating flow
associated with hydropower generation. One constructive criticism of this
method is that a large number of stranded (dead) fry could be picked up and
eaten by birds or mammals before human observers can get an accurate count at
daylight. A =mall experiment was done to evaluate whether or not stranded fry
were eaten before they cculd be counted.

The experiment was completed in two days and was not intended to be
scrutinized with statistics or published in a scientific journal. Rather, the
experiment was intended to examine something we were curious about, and make a
first approximation as to the extent of the problem.

{b) Approach and Methodology

The experiment was designed to detect the presence of early-morning
scavengers or predators feeding on stranded fry along gravel bars and
potholes. The term scavenger is less confusing to use because the stranded
fry are usually dead scon after stranding and, therefore, have no means of
escape.

Each of the six gravel bars had 9 to 15 dead fry placed on them between 2
and 4 a.m. on two different nights during April 1986. The fry used in these
tests consisted of dead fry collected from gravel bars the day preceding each
test so they were representative of what scavengers would see (or smell) along
the Skagit River. The experiments were conducted on April 10 and 11 in
conjunction with the gravel bar stranding studies.
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Fry were placed in a straight line along each gravel bar, with 2 feet
between each dead fry. No attempt was made to conceal the fry, and they were
placed on whatever substrate was representative of the gravel bar. Dead fry
were placed below that night's high waterline, and above the low waterline
that would eventually be reached by mid-morning. all fry were placed on the
bars during complete darkness.

Dead fry were checked every 2 hours after being placed on the gravel bar
to see whether or not they had been eaten by scavengers. The first check was
made around daybreak, which was about 5:30 am and again at 8:00 am. Gravel
bar stranding observers were on the gravel bars from 5:30 am until their data
collection was completed.

{5) Fry Recruitment in Potholes

(a) Objectives and General Description of Field Studies

Concern over the effects of dam regulated flow fluctuations on salmon and
gteelhead production In the Skagit River has prompted cooperative studies
between Seattle City Light, Washington Department of Fisheries and other
agencies since 1969. Studies by Thompson (1270) and Phinney (1974) attempted
to define operaticonal regimes least detrimental to downstream fish
populations. In 1979, relicensing proceedings of three existing hydroelectric
facilities prompted further investigations relating discharge to fish
gsurvival. Representatives of City Light, Washington State Department of
Fisheries and Wildlife, Skagit System Indian Tribes, U.§. Fish and Wildlife
Service, and National Marine Fisheries Service agreed on a two-year interim
agreement requlating ramping rate and flow magnitude in the Skagit River.

As part of this agreement, Stober (1982) studied the effects of flow
fluctuations on spawning behavior, egg deposition efficiency, incubation, fry
survival to emergence and stranding of salmon and steelhead fry. In contin-
uation of these studies, R. W. Beck and Asscciates was retained to investigate
the relationship between flow fluctuations and stranding from spring of 1985
to spring of 1986. As an extension to this work, Troutt and Pauley (1986)
examined fry residency time in potholes exposed to dewatering by downramping
events. His findings show chinook fry remain an average of 2.4 days in
potholes and, therefore, are susceptible to multiple downramping events.
Furthermore, this work demonstrated that the daily sample of fry trapped in
potholes does not undergo a complete exchange of fry between downramping
events since many fry occupy a pothcle for more than one flow fluctuation
cycle. These latter findings raised questions concerning numbers of fry at
risk to pothole stranding.

Potholes that have gone completely dry will strand all fry trapped
inside. The cobjective of the study was to determine how quickly an empty
{containa no fry) pothole recruits fry. Recruitment in this context is
defined as fry that move into and remain in a pothole.
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(b) Approach

211 salmon fry were removed from selected potholes, placed in a bucket,
counted and released into the main river or side channel at a point downstream
of the test pothole. This practice would in theory eliminate the chance of
these fry being recruited back into the same pothole during subsequent
downramp events. An electroshocker, Smith Root Type XI, was again used to
remove all fry from each pothole tested following a designated test interval.
Test lengths varied from one to five days. Electrofishing began at daybreak
to minimize the loss of fry to scavenging birds (Stober et al., 1982). Study
potholes were cleared of fry beginning at the furthest upstream pothole and
working downstream. The number of fry removed from each pothole after a
predetermined test period was used to estimate the recruitment rate of each
pothele.

The aampling routine used during this study was developed to take
advantage of the test flow pattern designed for the gravel bar stranding
study. Tests took place from March 13 to April 14, 1986. A rotation schedule
for emptying potholes was made by dividing the river into five areas. Area
One, for example, includes 7 potholes located from Bacon Creek to Marblemount.
If this area was scheduled for a one-day test, the potholes would be emptied
of fry on this day and again the following morning, allowing potholes to
connect with the main river once. Generally, three areas per day could be
sampled before upramping flows covered the pothole areas. Area One would then
be allowed to recruit for 2-3 days depending on the schedule. Similarly,
potholes in other areas are all connecting and disconnecting with the test
flow cycle. Each pothole's recruitment performance was monitored with respect
to beginning flows prior to and including the sampling date.

The field data were arranged according to the level of downramp beginning
flow used prior to fry recruitment sampling. There were four beginning flow
levels used; 5,000, 5,560, 7,000, and 7,500 cfs. The data associated with
these four flows were clustered into two levels of beginning flow; high
beginning flow (7,500 and 7,000 cfs) and low beginning flow (5,500 and 5,000
cfs). Within each of these two beginning flow data-sets another descriptive
tactor, called "N-days", was created to des¢ribe the flow history preceding a
downramping test in terms of the number of low beginning flow downramps that
occurred prior to test day. WN-days was defined as the number of successive
low beginning flow downramps that occurred prior to pothole sampling date.

For example, if on March 15, a pothole was sampled and the beginning flow of
the downramp prior to this pothole sampling date was a low beginning flow
{5,000 or 5,500 cfs); the N-days would be the number of successive beginning
flow downramps with a low beginning flow. Therefore, if March 13-14 were low
beginning flows and March 12 was a high beginning flow the N-days would be two
(2).

The number of fry electroshocked from individual potholes in conjunction
with their N-day values will provide a means for comparison between the
average number of fry trapped with high versus low beginning flows. Secondly,
within each beginning flow category a comparison of the
average stranded versus N-days can be made to determine if beginning flow
history patterns affect the number of fry trapped in potholes.
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(c) Streamflow

Seattle City Light regulated test flows according to a regquested test
pattern designed by R. W. Beck and Associates. Test flows involved a
combination of amplitudes, ramping rates and endflows. Endflows were measured
at the Marblemount gauge. Minimum endflows were set at 3,000 and 3,500 cfs
depending on the test. Amplitudes were set at 2,000 and 4,000 cfs and varied
according to the test. Thus, beginning flows varied from 5,000 to 7,500 cfs.
For example, if a particular test required a 3,000 cfs endflow and a 4,000 cfs
amplitude, the beginning flow was 7,000 cfs at Marblemount. The potholes
selected for this study became disconnected from the Skagit River somewhere
between the beginning and endflows used during the study. If endflows were
greater than 3,500 ¢fs, some of these potholes would remain connected to the
main river, thus eliminating them from a study rotation.

To minimize fry mortality, downramping was conducted during the night
(Woodin, 1984). Upramping began at 0700 requiring the electrofishing be
completed without delay to avceid pothole inundation.

(d) Site Selection

During the spring of 1985, R. W. Beck and Associates gathered detailed
measurements concerning connection flows for potholes located on the upper
Skagit River between Bacon Creek and Rockport. Potholes used for the
recruitment study were selected using this flow connection data in conjunction
with the following criteria: (1) a pothole must be actively connecting and
disconnecting within the prescribed test flow parameters; (2) a pothole must
be of manageable proporticns, affording the removal of all fry within a
reasconable period of time; (3) a pothole must retain enough water to support
fry for the duration of the low flow period. Thirty-six potholes were
selected and used to evaluate fry recruitment., These potholes varied in size,
cover, depth and substrate, and were selected to represent the various pothole
types found in this section of the Skagit.

(e) Data Analysis

Analysis of variance by ranks {Kruskal-Wallis test) was applied to the
data for number of fry recruited. Recruitment was compared using the number
of consecutive day tests conducted with a low beginning flow prior to the
sampling date. Tests involved two different beginning flows which were placed
into geparate subgroups where: AMP=l is the low beginning flow test and AMP=2
is the high beginning flow test.
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SECTION 1V

RESULTS OF THE SPRING 1585 POTHCLE
TRAPPING AND STRANDING STUDIES

1. PHYSICAL AND BIOLOGICAL DATA FOR POTHOLES
a. Results

Chinock, coho, chum, and pink fry, and steelhead juveniles were found
trapped and/or stranded in potholes within the study area on the Skagit River.
Greater detail regarding temporal species composition within potholes is
presented later in this section as part of the results for pothole residency
timing of salmon fry and steelhead juveniles.

One of the primary objectives of the pothole studies was to collect
pothole specific data relating to their biological, physical, and hydrological
characteristics. These data are used to provide a complete inventory of
potholes on the Skagit River and can also be used to help explain why certain
potholes trap and/or strand fry.

There were a total of 232 potholes from which data were collected during
the course of these studies. Table 10 summarizes the most important
characteristics of each of these potholes. The field data used to construct
Table 10 are found in Appendix D of this report.

The following data are presented for each pothole:

(1) Pothole Location

(2) Pothole Number

(3) Average Fry Trapped

{4) Average Fry Stranded

(5) Connection Flow

(6) Dry Flow

() Source Of Connect and Dry Flows (method used to determine)
(8) Maximum Depth (while disconnected)

{9) Substrate Type

(10) Cover Type

Table 11 summarizes some of the most interesting pothole information as
it relates to trapping and stranding of salmon fry. Eighty-one percent (188)
of the potholes were located in the lower reach of the study area, Forty-one
percent of the lower reach potholes trapped fry during the study. Trapped fry
numbers ranged from ¢ to 123. Twenty percent of the potholes in this reach
also stranded fry, with the average number stranded per pothole ranging up to
14 fry.

Nineteen percent of the potholes were located in the middle reach of the
Skagit River study area. Thirty percent of these potholes trapped fry.
Trapped fry numbers ranged from 0 to 137 per pothole. Seven percent of the



TABLE 10 POTHOLE CRARACTERISTICS EIPRESSED AS
NUMBERS OF FRY TRAPPED AD STRANDED, CONNECTION
AND ORY FLOWS, AND SUBSTRATE AWD COVER TYPE FOR
POTHOLES LOCATED BETWEEN ROCKPORT AND COPPER CREEK

POTHOLE POTHOLE TOTAL NUMBER TOTAL KUMBER  NUMBER PREDICTED  MAXIMUM  PREDICTED SUDSTRATE  COVEX  SOURCE

LOCATION WUMBER  DF TRAPPED  OF STRANDED 0F CONKECTION DBSERVED  POTHOLE CODE (2}  PRESENT oF
ConE FAY SUWMED  FRY SUNNED  QRSERVATIONS  FLON AT BEPTH DRY FLOW 1= OR NOT  HYDRAULIE
FOR ALL FOR ALL AT POTHOLE  MARBLEMOUNT  {FT) AT MWARBLEMOUNT 5= SAND Y = YES FLOW DATA
DRSERVATIONS OBSERVATIONS - PAGE BAGE (1) O« GRAVEL N = N0 (SEE (]
(CFS) (CF5) C = COBOLE JELOW)
11 3 ) 1" 4373 0.70 0 -0- -0 10
1 1 0 ¢ 3 483 0,30 3700 -0- (- 20
112 0 1 3 1750 0.% 24 -0- -0- i3
1 B 1 0 1 4375 0.50 340 -0~ =-0- 10
1 1 0 0 3 914 0.20 -un =0~ -0 0
1 i M 0 ] 17460 L4 FLHY -0- -0- 10
[ - 4 0 7 340 .30 1860 =0- -0- i
1 oA i 0 L Thid 020 700 0~ =0- 10
1 7 i® & 3 4030 0.% 2500 -0~ -0- 16
1 174 0 4 ] 4430 &2 =430 =0- -0- 10
1 1 0 0 3 880 0.20 -4380 =g- g Pl
1 n 14 0 3 4183 .70 00 -0- -0- i
1 11 0 l 2 m 0.3 3360 -0- -¢- 0
1 A 0 2 10 0 0.10 =3740 - -0- 1¢
1 2 0 0 1 0y 0.00 4344 -0- -0 23
1 2 s 0 4 w15 L2 1360 =0- -0- 10
1 2 0 0 M ar40 0.00 =310 -0- -0- 10
1 3 0 0 3 ST40 0.00 =540 0= =0~ 20
i3 7 7 7 47%0 1.00 A 341 -0- -0- 10
{4 0 0 12 =0- 0.00 =5140 -0- -0- 10
1 3 0 ¢ i LLM] 0.00 -4430 -0- ~0- 20
P | 0 3 1 850 0.60 4470 ~0- =0- 10
1 7 0 0 4 210 0.00 3210 -0- -0 235
1 A ¢ 0 7 4270 0.0 4270 ~0- =0- 3
1 4 1 0 3 4360 0.70 A YE] -0- -0- 19
1 ! 0 0 ! 4043 0.30 20 -0- 0- 3
1 A 0 ¢ i 4133 1.3 «2500 -0- -{- 0l
'R | 0 0 2 03 0.10 -44%0 0= -0- 20
1t 0 0 rd 430 0.00 =430 ' hd -0- N
NOTE: SOURCE CODE: SUBSTRATE COOE:

SEE FIGURE | FOR POTHOLE LOCATION CODES.
(1} THE NESATIVE SYMBOL INDICATES THAT THE ACTUAL POTHOLE DRYFLOW INSANPLE/RANOON POTHOLES ! S = SAND
I8 SONEWHENE BELON THE VALUE SHONN. ML OTHEN POTHOLES t B = GRAVEL
(2) -0~ N SUDSTRATE OR COVER COLUNN INDICATES MO DATA. ORYFLOM/CONNECT FLOW 0 C = COBME
(3] SOUMCE COOE IS A CODE THAT DESCRINES THE SODURCE OF EACH POTHOLE ESTINATES ¢ DERIVED USING Nz MO
CONNECTION AND DRY FLON ESTIMATE. NETHODS [LLUSTAATED BY
FIGURES 2 AND 3 )
ORYFLO BY REGRESSION ¢
CONNELT FLOW FRON JONES s
AND STOKES, INC.
DRYFLOW FAON JONES AND 1 83
$TOKES, IC.
PLAANDB 2 134
t2ZIMDs38 133
ROUSH ESTIMATE CF DRYFLOM : 8 ¢
{ FRON OATA OBSERVATLON !

- av me
L

£l
12

!



POTHOLE POTHOLE TOTAL NUMBER TOTAL NUNBER  NUMBER PREDICTED  MAIIMUM  PREDICTED SUDSTRATE  COVER  SOURCE

LOCATION NUMBER OF TRAPPED  OF STRANCED oF CONNECTIOK OBSERVED  POTHGLE CODE (20 PRESEWT 0F

£ooe FRY SUWMED  FRY SUXMED  OBSERVATIONS  FLON AT DEFTH ORY FLON M= MO 0R NOT HYDRALLIC

FOR ALL FOR ALL AT POTHOLE  MARBLEMOUNT  (FT} AT MARBLEMOUNT §3GAND Y = YES FLOW DATA

CDSERVATIONS ODSERYATIONS GAGE GABE (1) § = GAAVEL N = W0 (SEE (3!
{CFS) (CFS) C = COBRLE BELOW)

10 0 0 J 3740 .00 =374 -9- - 20
: U 10 0 4 4 0.4 Y380 5 Y 14
y S V4 L 0 15 4363 0.50 4360 5 t 10
7 12 40 ¢ 13 as 1.1 3 [ . b 1 1}
21 83! 0 L) 4173 1,10 1603 ) Y "
2 4 0 0 0 J360 1.7 4030 -4 -0~ 11
2 5 20 F 14 3740 1,20 3610 ] ) 10
i 1 1 4 3 0.3 52 -0- N 10
i1 ¢t 0 0 3 R L] 0.70 3000 § Y 20
1 f i3 0 3 b~ ] 0.8 =4000 I: 1 i
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potholes in this study reach stranded fry, with the average number stranded
per pothole ranging up to 1.75 fry.

Pothole cover and substrate characteristics were also field documented.
Potholes in the middle study reach were associated with cover more often than
in the lower reach, 75% versus 50% respectively. Substrate also appears to
change by reach, as might be expected given the differences in stream gradient
between reaches., The lower reach potholes were dominated by small substrate
and the middle reach potholes were dominated by larger substrate.

TABLE 11

POTHOLE SUMMARY DATA FOR TWO STUDY REACHES
SHOWING THE DISTRIBUTION, AND
NUMBER OF POTHOLES THAT TRAFPED AND STRANDED FRY,
RANGE QF NUMBERS TRAPPED AND STRANDED,
PERCENT OF POTHOLES WITH/WITHOUT COVER,
AND POTHOLE SUBSTRATE TYPE

Substrate Type

River Total Potholes Range of #'s 1 With (% of pH's)
Location Potholes Trapping Stranding Trapped Stranded Cover £ G 5
Lower
Reach 188 17 28 0-128 0-14 50 16 36 48
Middle
Reach 44 13 k| 0-137 0-1.75 41 28 31

A total of 890 observations were made of potholes that had become
disconnected as a result of the downramp amplitude testing parameter. All of
these observations represent a pothole that had the opportunity to trap and/or
strand fry. Figure 6§ is a flow chart that summarizes pothole trapping and
stranding characteristics using these 890 observations.

Starting at the top of the flow chart are the 890 pothole field
observations. These observations represent potholes that trapped and/or
stranded fry and others that did not. They trapped on the average 7.3 fry and
stranded 0.44 fry. The flow chart then branches out to observations that either
trapped or did not trap fry. Most (648 of B90) of the cbservations had not
trapped or stranded fry., and 242 of the observations had trapped or stranded fry
averaging 26.8 and 1.62 respectively.

Of the 242 observations trapping or stranding fry 176 observations trapped
fry and did not strand, averaging 29.8 fry/observation. Of these, only 8 of the
observations when pothole minimum depths were less than 0.1 foot trapped fry
averaging only 1.88 fry. The other 168 observations with pothole minimum depths
greater than 0.1 foot averaged 31.1 fry.

The other 66 cbservations trapped and stranded fry, averaging 19.0 trapped
and 5.96 stranded. Of these 96 observations, 38 trapped an average of 7.9 fry



FIGURE 6

SUMMARY DIAGRAM OF POTHOLE TYPES AND CHARACTERISTICS
BASED ON 890 FIELD OBSERVATIONS

TOTAL NUMBER OF FOTHOLE OBSERVATIONS = 880 OBSERVATIONS

AVERAGE TRAPPED/QOBSERVATION = 7.30 FRY
AVERAGE STRANDED/OBSERVATION = 0.44 FRY

242 ONSEAVATIONS WHENE FRY TRAPPED 2 | FRY/OBSEMVATION, 848 OBSERVATIONS WHERE FRY TAAPPED = 0 FAY/OBSERVATION
AVERAQE TRAPPED/OBSERVATION = 28.0 FAY AVERAGE TRAPPED/OBSERVATION = 0.C FAY
AVERAGE STRANDED/ORSERVATION = 182 FAY AVERAGE STRANDED/OBSERVATION = 0.0 FAY

327 OBSERVATIONS WHENRE FAY TAAPPED = O 321 ORSERVATIONS WHERE FRY TRAPPED = O
AND MINIMUM DEPTH > 0.0 FEET_ _ __ . AND MINIMUM DEPTH < 01 FEET __

AVERAGE TRAPPED/OBSERVATION = 00 FRY AVERAGE TRAPPED/OBSERVATION = 0 O FAY
AVERAGE STRANDED/OBSERVATION = 0.0 FAY AVERAGE STRANDEDVOBSERVATION = 0 0 FRY

178 OBSERVATIONS WITH TRAPPING ONLY ___ §8 OBSERVATIONS WITH BOTH TRAPPING_AND_STRANDING
AVERAGE TAAPPED/OBSERVATION = 28.8 FAY AVERAGE TRAPPED/OBSERVATION = 18.0 FRY
AVERAGE STRANDED/ORSERVATION = 0.0 FAY AVERAGE STRANDED/OBSEAVATION = 5.98 FAY

§ OBSEAVATIONS WHERE FAY STRANDED = 0 148 OBSERVATIONS WHERE FAY STRANDED = 0 38 OBSEAVATIONS WHERE FAY STAANOED > O 28 OBSERVATIONS WHERE FRY STRANDED > 0
AND MINIMUM DEPTH 5 0.1 FEET ________ AND MINIMUM DEFTH 2 01 FEEY ________. AND WINIMUM DEPTH < Q1 FEET __ ____ AND MINIMUM DEFTH > 0.\ FEET ____
AVERAGE TRAPPED/OBSEMVATION = 1.84 FAY AVEMAGE TAAPPED/OBSERVATION = 31.1 FAY AVERAGE TRAPPED/OBSERVATION = 7 80 FRY  AVERAGE TRAPPED/OBSERVATION = 34.0 FAY

AVERAGE STMANDED/CBSERVATION = 7.47 FRY AVENAGE STRANDED/OBSERVATION = 3 89 FAY
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and stranded an average 7.47 fry when the minimum pothole depth was less than
0.1 foot. The remaining 28 observations trapped an average of 34.0 fry while
stranding 3.89 fry when pothole depths exceeded 0.1 feet.

The flow chart clearly indicates that many potholes do not trap or strand
fry. Many of those that do can also be characterized as potholes that merely
trap fry, especially those that generally maintain at least a minimal water
depth. A very small percentage of all potholes actually stranded fry of which
there are two types; potholes that stranded the highest number of fry also had
the lowest trapping total which can be interpreted as meaning that these
potholes do not trap large numbers of fry but those they trap are usually
stranded and, secondly, potholes that on the average trapped large numbers of
fry but stranded relatively few of them because they rarely went completely dry.

2. POTHOLE CONNECTION AND DRY FLOW DETERMINATIONS

A total of 232 potholes were assigned connection flows using the different
methods discussed in Section III. Table 10 shows the connection flows for each
of these potholes and the method used to compute them. The c¢onnection flow
distribution for potholes that trapped fry is shown in Figure 7. Approximately
50% of these potholes had connection flows between 4,000 and 5,000 cfs as
measured at the Marblemount gage.

Table 10 also lists the calculated dry flows for individual potholes using
the methods described in Section III. The distribution of pothole dry flows is
shown in Figure 7. The dry flows had a normal distribution that ranged from
1,000 to 5,500 ¢fs, with a peak in the distribution at 3,000 to 4,500 cfs as
measured at Marblemount.

3. PHYSICAL AND HYDROLOGIC FACTORS AFFECTING
POTHOLE TRAPPING AND STRANDING

The pothole stranding process is composed of two principal stages:
trapping which is defined as the capture of fry in a pool isolated from the
main-channel flow; and mortality due tc stranding usually caused by the
dewatering of a pothole. The trapping stage has two main subcomponents. The
first is strictly a function of downramping hydrologic factors which consists of
the physical formation of a pool of water in a depression on the bar which is
fully separated from main-channel flow. The gsecond subcomponent is the capture
of fry in these water-filled depressions which is affected by the presence, and
the behavior of fry. It is assumed that the presence of fry is subject to
systematic and predictable seasonal variations and short-term (hourly/daily)
largely unpredictable fluctuations. The systematic variations in population
densities were accounted for in this study through a temporally balanced
experimental design.,

The database used in these analyses consisted of B90 records (see
Figure 6), each of which represents one (1) disconnected pothole and one (1)
test date. The USGS flow data used to assign pothole connection flows is
accurate to approximately 500 cfs (personal communication, USGS). Therefore,
only pothole observations where the beginning flow was within 500 cfs of the
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FIGURE 7

FREQUENCY DISTRIBUTION OF POTHOLE DISCONNECTION AND DRY FLOW
FROM DATA COLLECTION IN 1985 BY R.W. BECK AND ASSOCIATES AND

IN 1984 BY JONES AND STOKES FOR ALL POTHOLES

60
g
/
e
Y%
; ¢
0 - 7
%
NIZl%
30 - \\4 9
N1 \
ARG 7 R
NININY 1R
N NINPN A ¢ \
10 - N N \\/\/\/ / \\
\ Q \/Q/Q/\/ ™
SENENIZNZANZANANZ/NN
AN NN ZNIZNIZANIZNIZNEEN

0-5 5-10 10-18 15-20 20-25 25-30 30-35 35-40 40—45 45-50 50-55 55—60

Endflows (cfs x 100 @ Marblemount USGS)

[7Z] Connect Flows

NNl Ory Flows



SECTION IV -~ PAGE

estimated connection flow for individual potholes were included in this
database. The original study design was not completed as a result of weather
and uncontrollable tributary inflows. The test dates and flow conditions
resulting from the incomplete experimental design caused confounding of time and
flow parameters.

A total of 15 tests were completed without complications. However, the
last two tests (May 19-20) did not have USGS hydrologic data due to failure of
their gage stations. The data for these two test dates were used in other parts
of the analysis where hydrologic data were not needed. Certain parts of the
analysis did require hydrologic data which reduced the number of successful test
days to thirteen (13). Field data were collected from 23 pothole areas and
232 individual potholes. Fifty-five (55) of these potholes had more than seven
observations and 31 of these had more than 10 observations. In most cases the
number of observations were controlled by the connection flow of the pothole and
the beginning and endflow of the downramping event. If a pothole was not
connected prior to a test it was not considered an observation even though data
may have been collected.

a. Factors Affecting Pothole Trapping

Among the hydrological factors hypothesized to affect the "trapping
efficiency” of any given pothole are ramping rate, downramp endtime (day/
night), and flow history.

The ramp rates used during the study were scheduled to vary between 1,000
and 2,000 cfs per hour at Newhalem. The resulting ramp rates as measured at the
Marblemcunt stream gage were significantly reduced in range and magnitude as a
result of distance. These ramp rates blended together rather than segregating
into two distinguishable groups. These rates were reduced further downstream
where most of the potholes and observations were made. In fact, ramp rate
became obscured as measured at Marblemcunt. Ramp rate also appears confounded
with amplitude (See Figure 8). Confounding is also apparent between ramp rate
and beginning flow (Figure 9).

Figures 10-12 display the relationship between ramp rate and fry trapping
within each of three levels of beginning flow. Note the narrow range of
observed ramp rates and the lack of correlation between trapping and ramp rate.
Tributary inflows obscured the range of ramp rates even more, virtually
eliminating any opportunity to examine ramp rate effects on fry trapping. Since
results presented in this report and figld experience suggest that fry trapping
depends more upon pothole fry recruitment than escape opportunities, the notiocn
of ramp rate as a measure of how fast the trap closes does not appear to be of
importance. Any role it might play in affecting pothole recruitment conditions
could not be assessed due to the narrow range of ramp rate observations.

The downramping endtimes of each of the 13 tests varied depending on the
test type and the operational constraints brought upon by power generation
needs. Individual test endtimes were compared with their corresponding average
trapped/pothole involved in the test. This comparison, like ramp rate, did not
show any significant effect when other factors such as beginning flow were
accounted for. Two levels of end time were observed at a single beginning Elow
level (4,670 cfs beginning flow). A Kruskal-Wallis test yielded a P-value of



Figure 8 - Ramp Rate Versus Amplitude (1985 Pothole Study!
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Figure 7 - Ramp Rate Versus Beginning Flow — (1985 Pothaole Study)
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Figure 10 - Pothole Trapping Versus Ramp Rate For Beginning Flows Less
Than 5,500 cfs
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Figure 11 - Pothole Trapping Versus Ramp Rate For Beginning Flows Betwer
5,500 and 6,500 cfs
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Figure 12 - Pothole Trapping Versus Ramp Rate For Beginning Flows Breate
Than 6,500 cfs
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0.35 indicating no significant effect due to end time in this stratum of
constant beginning flow. The opportunities to test for day-night differences
were limited due to partial confounding with beginning flow. If there is an
effect due to day-night downramping end times, it could not be detected using
our incomplete database.

Flow history, hours of stable flow prior to a downramp, was thought to have
some influence on fry trapping. The flow history factor is directly related to
fry behavioral patterns. For example, if the river stage is held constant for 1
hour, 8 hours, or 1 day or longer prior to a downramp, will this have an effect
on fry trapping? It has been suggested that fry may behave differently,
depending on what hydrologically cccurs prior to a downramp. In this study the
flow history factor measures the status of the habitat in the vicinity of the
pothole for some period preceding the flow reduction. One of the objectives of
the experimental design was to create flow history patterns which might be
analyzed to determine if, for example, consecutive downramping events are
independent of one another. The premature termination of the study prevented
such analysis. However, a body of studies and experience accumulated by Troutt
(1985), Ladley (1986), and field observations by Pflug during this study suggest
that trapping occurs when the waterline recedes due to reductions in streamflow,
but that several other factors may control how many fry will become trapped.
Some of these factors relate to flow history in a different or more specific
context than how this study first defined flow history (hours of stable flow
prior to a downramp).

Troutt and Pauley (1985) studied the residency time of various fry species
once they enter a pothole. They found that some chinook fry remain in potholes
for longer than one full downramp-to-downramp cycle. This indicates that some
chincok fry may remain in potholes for more than one cycle while others may move
ocut of a pothole during an upramp and back into the same pothole again during
the next downramp event. The factors controlling a fry's decision to remain in
a pothole that has reconnected to the main channel is very likely the depth of
pothole overflow and the water velocity. The deeper the water flowing over the
pothole following reconnection, the less attractive the pothole may become to
fry that prefer slower velocities and cover. Conversely, if pothole overflow is
minor (approximately 3 inches), fry already in a pothole may elect to remain
since pothole conditions may not have changed much from those first encountered.
The results of this theorization is that the flow history (number of hours of
stable flow prior to a downramp) is probably of little importance compared with
river stage (controls pothole overflow level) prior to a downramp in terms of
influencing fry trapping.

One aspect of flow history that is of great importance is the status of
individual potholes at the time a downramp begins. The parameter that most
accurately represents thig status is derived from the difference between the
flow at the beginning of the downramp event (beginning flow) and the flow at
which each pothole becomes disconnected from the main-river channel (connection
flow). This difference, the "overflow" parameter, is a relative measure of the
degree to which a pothole is submerged at the beginning of a downramp. A
pothole with a 3,000 cfs connection flow would have a greater cverflow depth
with a 6,000 than a 4,000 cfs downramp beginning flow.
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Pflug (1985-86) completed many hours of field observation combined with
electroshocking of various habitat types. He suggests, based upon his
observations, that fry demonstrate a definite preference for waters-edge
habitat. During upramp events, these fry constantly adjust to changes in the
waterline as it moves up the streambank. Several times he observed small groups
of fry move 1nto a pothole as it became connected during an upramp event. These
same fry when chased out of the pothole into the main channel, often returned
within only a few minutes time. Further observation revealed that as the
waterline continued to move up the streambank these fry moved also, leaving the
pothole which by then was indistinguishable from main channel flow.

Ladley (1986) studied recruitment of fry intc potholes that connect daily
to main channel flow. His results indicate that pothole recruitment rate was
strongly influenced by downramp beginning flow and the beginning flow history
{(beginning flows of downramps preceding a pothole sampling date). When
beginning flows were repeatedly near the connection flows of his study potholes,
fry recruitment into these potholes incrementally increased. However, when a
high beginning flow followed a series of low beginning flows the fry recruitment
did not increase. The speculation was that a high beginning flow effectively
flushed fry cut of potholes due to large pothole overflows and current velo—
cities. Conversely, when low beginning flows were repeated over and over again
fry could remain in the potholes between downramps and other fry from the main
channel c¢ould locate and recruit into these potholes. Then, at some point, a
higher beginning flow occurs and these fry are flushed from the pothole starting
the process of pothole recruitment over again, PFurther detail 1s given in
Section VI.

The relationship between the average-fry-trapped (average number of fry
trapped in pothole), and pothole overflow to beginning flow is shown by Figure
13. This graph demonstrates that as beginning flow increases from approximately
4,500 to 5,500 cfs, indicated as Zone 1 on the graph, the average-fry-trapped
decreases from the highest average trapping value to the beginning of a series
of very low average trapping values. Zone 1 is also where the overflow values
are lowest, meaning that the beginning flows in this zone are very close to the
connection flows of potholes. Hence, there is less water covering potholes
which suggests that potholes are closer to the waters-edge. Waters-edge habitat
is where most of the fry are located.

In Zone 2, the average-fry-trapped values are consistently the lowest found
in the relationship and they are bounded by beginning flows of 5,500 and 6,500
cfs. The overflow values continue to increase in Zone 2 which is expected since
an increase in river stage will increase the depth of water over a given
pothole. Since all observations were of potholes with connection flows less
than 6,000 cfs, these potholes will be further away from waters-edge habitat as
the beginning flow waterline moves up the streambank.

In Zone ] the average-fry-trapped values began to increase again and did so
congistently up to the highest beginning flow tested. This occurred as the
overflow values continued to increase and waters-edge consequently moved further
away from the pothole.

Within the range of tested and observed beginning flows, fry trapping was
highest when the overflow was lowest and then decreased as overflow increased
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and then unexpectedly began to increase with overflow (Figure 13).

The relationship between average-fry-trapped and beginning flow was closely
examined to determine if factors other than overflow might explain the observed
trends. Specifically, downramp ending time could be ruled out as a potential
cause of this effect. For example, gbservations were made at six (6) different
levels of Marblemount downramp beginning flow (4,670 - 6,895 cfs) with a 3 a.m.
Marblemount downramp end time. An additional set of observations were made at
three (3) different levels of beginning flow (5,540 - 6,615) with a 4 a.m.
downramp end time. Both of these independent data sets show a relationship
between pothole trapping and beginning flow which is consistent with our earlier
relationship, which includes cbservaticns of all downramp end times (Figures 14
and 15). Furthermore, a Kruskal-wWallis non-parametric test confirms the
significance of beginning flow for each level of end time (Figures 14 and 15).
Consequently, two independent data sets reconfirm the relationship between
downramping beginning flow and pothole trapping shown in Pigure 13. The upward
tendency of trapping in Zone 3 is somewhat unexpected. The behavioral response
and hydrology reflected here require further analysis. More insight into this
phenomenon might be gleaned from further examination of our data. Such analysis
was beyond the scope of the current study.

b. Factors Affecting Pothole Stranding

Pothole stranding takes place after fry have been trapped 1n a pothole.
Most pothole related mortality occurs when potholes containing fry go dry and
each pothole has its own dry flow. The number of fry stranded in a pothole is a
function of pothole drainage characteristics, river flow, and the number of fry
trapped. Once trapped in a pothole, fry cannot escape and stranding is
determined by downramp endflow and pothole dry flow. For all practical purposes
the only physical or hydrologic factors that affect fry stranding are the dry
flows of potholes that trap fry and the downramp endflow level and duration.

T™wo other factors may also contribute to the death of fry trapped in
potholes. Pry can fall prey to predators (raccoons, blue herons) while trapped
in potholes and elevated water temperatures could also be lethal if critical
temperatures are reached. The contribution to total pothole mortality of these
two factors would be extremely difficult to quantify let alone speculate on.

During the two springs of field studies water temperatures did not approach
critical levels and predation on fry trapped in potholes was never verified
although it is likely that both sources of potential mortality do occur.

4. POTHOLE TRAPPING AND STRANDING SIGNIFICANCE

Another objective of the spring 1985 pothole study was tc provide a means
for determining the relative magnitude of salmon fry trapping and stranding in
potholes within the Skagit River study area. ERarlier research did not provide a
means for predicting the relative magnitude of the pothole stranding problem.
The impact of pothcle dewatering is best measured by the number of fry stranded,
not by the number trapped, for a given set of Gorge Powerhouse operations
criteria such as ramp rate and beginning and endflow of a downramp event. The
number of trapped fry is less significant since they are not usually harmed in
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AVERAGE FRY TRAPPED IN POTHOLES

FIGURE 156
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any way. It should be menticned here that depending on the physical charac-
teristics of a pothole, trapped fry are subject to predation and elevated water
temperature which are two other possible sources of mortality. Although these
sources of mortality are present their importance and magnitude are difficult to
quantify, let alone speculate on. This study was designed so that a matrix
could be produced that is capable of estimating, within the limits of the study,
the number of potholes that become disconnected and the average number fry
trapped and stranded for six combinations of amplitude fluctuations and ramping
rates. The matrix does not account for potholes located in the unstudied upper
reach (Bacon Creek upstream to Gorge Powerhouse) or for other sources of error
such as observer error and predation on fry trapped and stranded in potholes.

The matrix gshown in Figure 16 estimates through linear modeling the number
of potholes that become disconnected, the average number of fry trapped, and
stranding results from 21 specified downramp events. The statistical level of
confidence in thaese predictions is unknown. The potholes used in this analysis
were those studied during the spring 1985 study, which incorporated all potholes
from the Jones and Stokes, Inc. 1984 Pothole Stranding Study and others
identified by R. W. Beck and Associates during our work. The bounds of the
matrix are limited to the range of £lows specified by the study design. The
matrix could be expanded beyond these bounds if pothole trapping and stranding
tests were conducted in the range of flows above and bhelow those studied. The
matrix can be used by selecting a downramp beginning flow between 3,500 -

6,000 cfs and a downramp endflow from 5,500 - 3,000 cfs and reading the data
within the corresponding matrix cell. Each cell contains the number of potholes
that would have started the downramp connected to the main—-channel flow and
finished the downramp disconnected and perhaps dry, the average number of fry
trapped in these potholes, and the average number of fry that would be stranded.
For example, a downramp with a 5,500 cfs begin flow and a 3,000 c¢fs endflow
would create 168 disconnected potholes, with 1,188 fry trapped and 75.6
stranded. The matrix shows that as amplitude fluctuation increases, 50 does the
number of fry trapped and stranded.

The matrix data can be applied to the daily coperational flows at Gorge
Powerhouse during the vulnerability period, conservatively February-May, to
derive an estimate of the total number of salmon fry stranded in potholes. A
"high side” calculation case scenario of 76.5 fry per downramp event (begin flow
of 6,000 cfs with an endflow of 3,000 cfs) over the 120 day vulnerability pericod
would produce a season-long estimate of 9,180 salmon fry stranded from Rockport
to Bacon Creek. Within the limits of this study this number overestimates the
total fry stranded, since actual power generation patterns do not resemble the
downramp event levels used to produce this season-long estimate. Above Bacon
Creek, potholes are less common, but present. But, trapping and stranding was
not formally monitored so pothole stranding predictions can not be made for the
reach between Bacon Creek and Newhalem. The example of the season-long
prediction dces not reflect the actual operaticnal patterns used by Seattle City
Light. A more realistic predigction could be derived from USGS flow records for
the Marblemount gage used in conjunction with the Newhalem gage flow records.

This estimate needs further qualification since it does not and could not
account for several sources of error beyond those mentioned above such as
observer error and predation on fish trapped or stranded in potholes. This
estimate does not attempt to represent an absclute stranding total, but does
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provide an index of the relative magnitude of the problem given the limits of
the study and unaccounted for sources of error.

5. POTHOLE RESIDENCY TIMING FOR SALMON AND STEELHEAD FRY

This study task was designed specifically to evaluate the residency time of
salmonid fry in potholes. A more detailed version of the study report can be
found in Appendix E.

It should be noted here that a quantitative analysis was not possible and,
as such, only simple summary statistics such as the number of cbservations,
means, standard deviations, and confidence intervals could be produced for the
results (See Appendix E). Appendix E also addresses a potential sampling
weakness which may have produced a significant bias in the residency time
results.

With this in mind, it is important that the results be used very carefully
due to their qualitative nature. It does appear that most fry species are
remaining or returning to particular potholes for more than one downramping
event, even when given the opportunity to escape from the pothole.

a. Species Stranded, Fish Length, and Residence Time

Most of the fry trapped in potholes in the spring were chinook salmon, with
lesser numbers of c¢oho and chum salmon (Figure 17)., The percentage of chum
salmon increased as the spring study progressed (Figure 17). During the summer
large numbers of steelhead and coho salmon fry were trapped in potholes (Figure
17). The dominance of chinook salmon in the spring, and steelhead and coho
salmon in late summer, was expected because salmon and steelhead fry trapping in
potholes reflects habitat preferences and the relative abundance of each fry
species.

Chinock salmon fry trapped in potholes averaged 40 mm in total length
during March with the average size gradually increasing to 45 mm by May.
Chincok fry up to 48 mm were commonly trapped but only one chinook over SO mm
was collected from a pothole.

Due to the presence of two-year classes, coho trapped in potholes were more
variable in length than chinook. Yearling cocho salmon up to 80 mm in length
were trapped in the spring, although the average size was only 33 to 41 mm,
Hewly emerged chum salmon trapped in potholes averaged 40 to 42 mm in length.
For all species, the overwhelming majority of trapped fish were
young-of-the-year that had recently emerged from redds.



FIGURE 17
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Troutt and Pauley, 1985, estimate that chincok salmon fry spent an average
of 2.4 days in potholes during the spring, and their residency time appeared to
decrease slightly as the study progressed (Figure 18). Coho salmon fry averaged
1.4 days in potholes during the spring study and 1.4 days during the summer
study. Residence time of coho salmon fry decreased from August to September
(Figure 18). Chum salmon spent an average of only 0.5 day in potholes during
the spring. Steelhead appeared tc spend about the same amount of time in
potholes as coho salmon (Figure 18), averaging 1.6 days' residence during the
summer.

Confidence limits (95%) were computed for each mean residency time value.
In general, these confidence limits were wide for each wean residency time (See
Appendix E). Standard deviations were also computed for each mean residency
time and most were quite large (See Appendix E).

b. Pothole Cover vs. Residence Time

Chinook and coho salmon spent more time in potholes with moderate or heavy
amounts of cover than in potholes with no cover (Figure 19). The residence time
of coho and chincok in potholes with no cover was only 1/3 to 1/2 the residence
time in potholes with more cover (Figure 19). Chum salmon and steelhead trout
did not show a preference for potholes of any cover type, although their average
regsidence time increased slightly as cover increased (Figure 19).

C. Pothole Location vs. Residence Time

Chinook, coho, and chum salmon had longer residence time in "isolated”
potholes along back sloughs and side channels than in frequently "connected*
potholes adjacent to the main river (Figure 20). Steelhead spent about the same
amount of time in "isolated" and "connected" potholes (Figure 20)}.

d. Discussion

Potholes tend to provide juvenile salmonids an area of reduced flow, some
protection from predators, preferred rearing habitat, and a potential food
supply may be better than other areas of the river or back channels (Woodin et
al., 1984). As river flows are reduced, these areas of fish concentration
become isclated from the main river. If flows are dropped low encugh and held
there for prolonged periods of time, the potholes may dry up completely and kill
all the entrapped fish.

(1) Spring

Results of the mark~recapture study in the spring of 1985 reveal that
chinock and coho salmon fry tend to spend appreciable amounts of time in
potholes, while chum salmon are found to spend relatively little time in the
potholes by comparison.



FIGURE 18

AVERAGE RESIDENCY TIME OF SALMONID FRY IN POTHOLES

BY MONTH (TROUT AND PAULEY, 1985)
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FIGURE 19

AVERAGE RESIDENCY TIME OF SALMONID FRY IN POTHOLES WITH
THREE DIFFERENT LEVELS OF COVER (TROUTT AND PAULEY, 1985)
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FIGURE 20

AVERAGE RESIDENCY TIME OF SALMONID FRY
IN POTHOLES NEAR THE MAIN CHANNEL AND ISOLATED FROM

THE MAIN CHANNEL (TROUTT AND PAULEY, 1985)
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(a) Chum

Hoar (1956) found that chum salmon fry move immediately downstream toward
salt water after emerging from the gravel with the peak outmigration occurring
somewhere between the end of April and the middle of May. The short residency
time (0.5 day) in the potholes for chum salmon is the approximate time the
marked fish are trapped in the potholes immediately after a water level drop,
and before the river level rises and reconnects the potholes to the main stream.
Of 73 chum salmon marked and released during the spring season, only 3 were
recaptured in potholes. Since the residency time in any
one pothole is short, individual chum salmon appear to be susceptible to only
one downramp cycle in the pothole where they were originally captured.

(b) Chinoak

The spring study focused on the movement of juvenile summer-fall chinook
salmon. Chinock fry present in the river at this time are the offspring of
adults that returned to the upper Skagit River in 1984. Adult fish spawn in
September and October in the tailouts of the larger pools in the main river.
Chincok fry normally emerge from the gravel in the Skagit River from January
through April and the young spend the next %0-110 days in the river before
migrating out to Puget Sound (Neave, 1955). It is during this period of
freshwater residency that chinook fry are susceptible to pothole trapping and
stranding.

Spring study results show that chinock fry spend an average of nearly 2.5
days in the pothole of original capture. Therefore, these fry are susceptible
to 2 or 3 downramp event cycles once they enter a pothole. If fry enter and
reside in other potholes after leaving the pothole they were marked in, they are
again susceptible to multiple downramp events. Recaptures from a release of 235
fish marked with fluorescent dye using the traditional high pressure spray
technique of Jackson (1959), seem to indicate that chinook fry become trapped in
additional potholes further downstream from the point where they were first
trapped and marked. Although 200 fish in a river containing hundreds of
thousands of fry is a minuscule amount, 5 of these fish were found a week later
concentrated in one pothole almost 2 miles downstream. From this observation,
it may be assumed that fry become trapped in a pothole because the habitat,
cover, or food is considerably more attractive than the surrounding areas of the
river. It is also possible that only a portion of the fish population is
attracted to these potholes, hence the high propensity toward recapture of the
same individuals. Because of this attraction, the young salmonids may
selectively search out similar areas downstream once they move out of earlier
potholes that they first encounter.

A comparison of the influence of the physical location of the potholes on
length of stay alsc lndicates a trend. Chinook fry spent a full day more in
potholes located on side sloughs than in those located along the main river.
Lister and Gence (1970) found that young post-emergence chinook salmon preferred
the relatively slow waters found in back eddies and side sloughs. The chinook
salmon that we captured in potholes were small post-emergent fry. As the water
rises, most of the potholes along the main river are inundated with rapidly
moving water, while water In the back slough potholes moves much more slowly,
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It is probable that because these back slough areas contain water with less
velocity, the fry tend to reside in the potholes located there for the longest
time.

Young fry will seek out cover (Lister and Genoe, 1970; Reiser and Bjornn,
1979). Cover appeared to play a role in pothole residency time, with chinoock
fry residing in potholes with moderate to heavy cover twice as long as in
potholes with little or no cover. The combination of adequate cover and slow
water 1s apparently what makes these areas a desired habitat for young chinock
salmon.

Chincok fry length was correlated with pothole residency. Chinook fry up
to 48 mm total length seemed to be susceptible to pothole trapping and
stranding. Only one chinock over 50 mm was captured in a pothole. Upcn
reaching a length of about 48 mm, chinook fry appear tc outmigrate, thus leaving
the area of vulnerability. Lister and Genoe (1970) found that as chinocok fry in
the Big Qualicum River grew larger, they sought out faster water in which to
feed.

(c) Coho

Juvenile ccho were susceptible to pothole stranding during April and May.
These fry were the offspring of coho returning in the fall of 1984, Adult coho
gpawn primarily in tributaries to the Skagit River above the Sauk River
confluence. Ccho juveniles emerge in April and May and many move down the
tributaries into the Skagit River at that time. Coho fry rear in freshwater for
a year or more (Neave 1955).

The residency time of the coho fry at 1.5 days makes them susceptible to 1
or 2 downramp event cycles hefore they move out of the pothole. Whether or not
coho fry move into other potholes after leaving their initial pothole is not
clear. In an experiment at Rockport Bar where coho salmon from three adjacent
potholes were marked with different colors, none were recaptured in any other
pothole once they left their original pothole. The same experiment with chinook
fry resulted in the recapture of chinook salmon in different potholes, some of
which were upstream from the original pothole. Coho may be adversely affected
by potholes and avoid them after an initial experience with them.

Pothole location influenced the length of stay for ccho juveniles. Coho
fry resided in potholes adjacent to the main river Eor only 0.3 day, while coho
fry in back slough potholes remained 2.0 days. Emerging c¢oho fry seek out the
glower water found ln back eddies and side sloughs according to Lister and Genoe
{1970). This behavior may be a function of water velocity rather than any
preference for one pothole over ancther.

Cover availability also played a large role in coho fry pothole residency.
Residency in potholes containing moderate to heavy cover was three times greater
than in potholes with little or no cover. This behavior agrees with information
concerning habitat selection by c¢oho fry gathered by other investigators (Lister
and Genoe, 1970; Reiser and Bjornn, 1979). 1In this respect, they are like
chinook fry, and seek out the slower water present in back sloughs where
adequate cover of scome sart is present.
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The size of coho fry found in potholes also affected their length of
residency. Although some vearling coho greater than 80 mm were caught, no age 0
cohc over 43 mm were found in potholes during the spring study. Spot shocking
of several areas on the main river produced age 0 coho up to 47 mm in May. It
appears that, as coho get larger, they seek out faster water (Lister and Genoe,
1970} .

(2) Summer

Species composition in potholes shifted from predominantly steelhead in
August to a majority of coho in September. Behavioral studies (Chapman, 1965;
Frasier, 196%; Lister and Genoe, 1970; Reiser and Bjornn, 1979; Allee, 1981}
suggest that emergent coho favor slower water. Emerging steelhead fry seek out
slow water, but, as they grow, they reside in faster moving water. Changes in
species composition could result either from steelhead fry choosing to move cut
of potholes, a size induced preference of habitat by one or both species or from
steelhead being forced out by the coho fry through competitive interaction
(Allee 1981).

(a) Steelhead

Steelhead trout fry trapped in potholes in the summer of 1985 were the
progeny of adults returning to the upper Skagit and its tributaries in the
summer, fall, and winter of 1984. Adult steelhead spawn sometime between
December and June, and fry emerge from July through August. Some of the
emergent fry resulting from tributary spawning stselhead make their way down to
the Skagit River from August through October, although many steelhead fry spend
most of their freshwater residency in the tributaries they were spawned in,

Steelhead fry in the Skagit River, are susceptible to pothole stranding and
spend an average of 1.6 days in potholes. This subjects young steelhead to 2
downramping event cycles before they move ocut of the pothole. Although the
average residency time for individual steelhead does not appear to change over
the summer season, the actual number of fish stranded became greatly reduced.

Steelhead fry showed no difference in residency time relative to cover
concentration of pothole location. This lack of preference may be due to an
early attraction to faster water, thereby avoiding potholes, or it may be due to
the presence of more aggressive coho salmon which may force steelhead fry out of
the potholes as suggesated by Allee (1981) and Reiser and Bjornn (1979). This
behavior may be a size-related phencmenon as the young coho are larger than the
steelhead at this time. Previous fry stranding studies on the Skagit River
(Stober et al., 1982) found that there was a dearth of steelhead fry in the
nearshore area once they reached 47 mm. In fact, once they reached 40 mm, even
though they were still present in the nearshore areas, they became less
susceptible to gravel bar stranding (Stober et al., 1982). Stober et al. {(1982)
found that by October 1, young steelhead had grown to this size and moved out of
the potholes. - The results of our study, where the actual number of steelhead
stranded in potholes dropped substantially from August to September and reached
almost zerc by the second week of October agree with those of Stober et al.
(1982), as no steelhead over 45 mm were found in any potholes during the stugdy.
Once fish reach 46 mnm they move to areas of the river where they are no longer
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susceptible to stranding.
(b) Coho

The overall residency time for coho fry in potholes during the summer was
nearly 1.5 days. This subjected them to 1 or 2 downramping event cycles. The
significant reduction in residency time between August and September may be due
to an increase in average size (42 mm in August to 54 mm in September) which may
cause the majority of coho fry to move intc deeper pools in search of uncrowded
space as suggested by Allee (1981).

Coho fry encountered in potholes during the summer season, like those found
in the spring study, resided up to five times longer in potholes containing
moderate to heavy cover than in potholes with little or no cover. Coho are well
known to associate closely with cover.

6. SAUK RIVER SALMON FRY TRAPPING AND STRANDING IN PQTHOLES

Most rivers, whether flows are controlled by man or uncontrolled, have
potholes associated with them, Until now, this phenomena has not been studied
on a uncentrolled river. The purpose of this study task was to first document
the presence and location of potholes on an uncontrolled river, the Sauk River,
and secondly to qualitatively determine the magnitude of fry trapping and
stranding that might normally take place on a river system of this type.

The surveys were conducted on May 11-12, 1985, approximately five days
after a high-water event. A total of 19 gravel bar/pothcle areas were
identified in the 15-mile study area, 15 of which contained potholes. There
were a total of 53 potholes identified, 22 of which contained trapped fry. A
total of 1,845 fry were counted in these potholes., Trapped fry numbers ranged
from a low of 1 to a high of approximately 500. Several potholes were shocked
to determine species composition of trapped fry. The majority were chinook fry
with lesser numbers of chum fry. Stranded fry were not observed in any of these
potholes although it was apparent that stranding would occur if several of the
shallow depth (less than 2 inches) potholes containing trapped fry continued to
drain as the Sauk River flow dropped.

The results of this cne-time survey indicate that pothole trapping does
oceur ¢on an uncontrolled-flow stream like the Sauk River. The number of trapped
fry per pothole in the Sauk River cannot realistically be compared with similar
data from the Skagit River because of the Skagit River's almost daily change in
stage—-discharge resulting from a combination of power generation and
preclpitation. On the Sauk River, moderate-to-large flow fluctuations do not
occur as frequently as on the Skagit River and the rate of flow change is slow
compared to what might be considered normal for the Skagit River where up and
downramping rates can be controlled. It is clear, however, that relatively
large numbers of fry are trapped in the Sauk River potholes as a result of
normal flow fluctuations in an uncontrolled river. The most obvious difference
between pothole trapping on the Skagit versus the Sauk Rivers is that trapping
opportunities happen much more frequently on the Skagit River as a result of dam
related water level fluctuations.
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SECTION V

RESULTS OF SUMMER/FALL 1385 GRAVEL BAR
STRANDING STUDIES

1. BIOQLOGICAL FACTORS AFFPECTING FRY VULNERABILITY
TO GRAVEL BAR STRANDING

During the summer months {July—-Qctcober), there are primarily two species of
salmonid fry, steelhead and coho, that are present in the Skagit River that
could he affected by gravel bar stranding. WVulnerability to gravel bar
stranding of steelhead and coho fry begins as scon as emergence from the gravel
takes place and probably continues until both species leave the Skagit as
smolts. The peak vulnerability period, which is when the majority of gravel bar
stranding takes place, may only affect a fry species during a particular size or
time related period. The major purposes of this study effort were to understand
and document the biological window of vulnerability of steelhead and coho fry to
gravel bar stranding. A summary of the data collected during the fall and
summer 1985 Gravel Bar Stranding Study is found in Appendix F of this report.

a. Species Vulnerability

A total of 2,171 fry were cbserved stranded on gravel bars during the
August 1-20 gravel bar stranding test period. Of this total, 1,784 fry were
identified to gpecies; 99.3% were steelhead fry and only 0.7% were coho fry
(Figure 21). After the August 1-20 test period, a series of late season gravel
bar monitoring surveys were completed. These bi-weekly surveys were conducted
on a small number of gravel bars to determine when gravel bar stranding
decreased or disappeared. During the late season gravel bar monitoring phase,
{August 3l-October 5) only 15 stranded fry were observed; all of these fry
{100%) were steelhead. It appears that very few coho fry are stranded on gravel
bars between August and October. There are two possible explanations for this.
Coho fry are not vulnerable to gravel bar stranding or they are not present in
dewatered gravel bar habitat. It is clear that coho do not occupy gravel bar
habitat based on a comparison of the fry species compositions from the three
habitat types sampled; main-channel, back-slough, and potholes. Ccho represent
2.6% of the total fry found in main-channel gravel bar habitat and steelhead
contribute the remaining 97.4% (Table 12, Figure 21).

The species composition of the main-channel fry population closely
resembles the percent distribution of the stranded fry over the same time
periods. It appears that each species is stranded in proportion to their
denaity in main channel habitat; the habitat most affected by downramping (Table
13). It is also apparent from these data that steelhead fry are stranded in
much higher numbers than ccho. 1In fact, it appears that coho fry are not really
vulnerable to gravel bar stranding (FPigure 22).
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TABLE 12

PERCENT SPECIES COMPOSITION OF FRY
IN THREE DIFFERENT HABITAT TYPES AND STRANDED
ON GRAVEL BARS DURING THE SUMMER 1985
GRAVEL BAR STRANDING STUDY

FRY GRAVEL BAR HABITAT TYPE
SPECIES STRANDED MAIN~-CHANNEL POTHOLES BACK-SLOUGH
STEELHEAD 99.2 97.4 55.3 52.4
CORO ¢.8 2.6 44.6 47.6

The data show very clearly that because steelhead fry occupy main-channel
riffle habitat, which is commonly found covering many of the gravel bar areas
studied, it makes them highly susceptible to gravel bar stranding. Conversely,
coho fry do not use main-channel habitat and as a result are not affected by
gravel bar stranding. Electroshocking data reveal that coho fry are found
occupying back-channel and pothole habitats (Table 12). These data are
confirmed by many researchers that have documented the habitat preferred by
coho, which is characterized by slow velocity, deeper water, and cover-related
habitat. Steelhead fry were found in all three habitat types sampled
(main-channel, back-slough,and potholes), but were almost exclusively the only
species present in main-channel habitat (Figure 21).

b. Biological Window of Vulnerability

Steelhead are highly vulnerable due to their presence in habitat affected
by downramping. <Coho, on the other hand, do not occupy main-channel habitat and
are not affected by gravel bar stranding. These results will deal specifically
with steelhead fry and their "bivlogical window of wvulnerability”.

Size of fry may be one factor that affects fry stranding vulnerability. &
comparison of stranded vs. main-channel ateelhead fry length frequency
digtributions was made for early August (August 1-10) and late August (August
11-20) as shown in Table 14, The distribution in Figure 23 shows that stranded
steelhead fry length distribution did not change between early and late August.
In fact, during both time periods, percent contribution by length interval
remained virtually unchanged. This 1s surprising since the steelhead fry
population should be growing over time, The distribution in Figure 14 shows
that the main-channel population is growing in length as shown by the upward
shift in length frequency distribution from August 1-10 to August 11-20. If
gravel bar stranding is not size dependent, then all steelhead fry from
emergence tO smolt would be affected equally. Conversely, if fry size is an
important factor, then the length distribution of Ery stranded will not reflect
that of the main-channel steelhead fry population. Figure 24 demonstrates that
the distributions are different and that steelhead fry are more wvulnerable to
stranding at smaller sizes. The results of a Chi-sguare test, which tested



TABLE 13

SKAGIT RIVER STEELHEAD AND COHO DATA FOR DIFFERENT CAPTURE
LOCATION TYPES AND TIME PERIODS BETWEEN AUGUST 1 AND OCTOBER 6, 1985

CAPTUARE AVERAGE LENGTH
SPECIES LOCATION TEheAL NJ:::en LENGTH MANGE g:ﬁ'":’,‘:g: VARIANCE
TYPE {em) {cm)
QAravel Bw Augusi 1 - 10 a4 .28 22 - 110 0.475 Q.210
STEELHEAD Strandad August 11 ~ 20 826 .21 1.3 -100 0.485 0.210
August 31 — Dctobat § (1] 402 33 - 48 (1) n/e
Mala Channel August 1 - 10 80 .58 3.0 - 83 0.467 0.218
{Elecirashocked] August 11 - 20 1 4,08 28 -103 145 212
August 33 = Ocleber § 1) 3488 28 - 82 n/a na
Potholes August 1 - 10 19 35 A0 - 75 0867 0D.918
{Electrashocked) August 11 - 20 54 353 28 - 48 0214 0045
Buack Channels August 1 - 10 a4 .24 3.0 -39 D189 0.011
[Elactroshocked) Auvgust 11 - 20 2 a5 20 - 44 0.360 o127
COHO Gravel Bar August 1 - 10 4 [ A 48 - 58 0.485 0055
Strandad August +1 - 20 ) 438 34 -54 0.558 0.181
Augual 31 = October § [ 0 0 n/s n/a
Main Channe! August 1 - 10 ND COMND QAPTUAMED Iw TNIEZ TIME p4RIDD
{Electroshackud) August 11 - 20 4 | 58 | 43-179 I 137 188
Augual 31 - October § WO QONG CAPTURED IN THIS TiME PRRISD
Fothales Augusi L - 10 5T 43 32-15 0.705 0373
(Elacirosheckad) Augusi +1 - 20 10 4.5 32 - 8.2 0865 o800
Back Channels August 1 ~ 10 22 as 30 - 4.4 0.20% 0.835%
{Elvciroshacked) August 11 - 20 an 4.2 28 - 52 0.4817 0237

n/s = Not Applicebte

Not Avallsble




SPECIES COMPOSITION OF FRY ELECTROSHOCKED FROM THREE DIFFERENT HABITAT TYPES
VERSUS THOSE STRANDED ON GRAVEL BARS EXPRESSED AS A PERCENTAGE OF THE

POPULATION SAMPLED DURING THE SUMMER 1985 GRAVEL BAR STRANDING STUDY
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IGURE 22

GRAVEL BAR STRANDED OR ELECTRO SHOCKED
IN MAIN CHANNEL HABITAT DURING THREE TIME PERIODS
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TABLE 1 4
LENGTH DISTRIBUTION OF STEELHEAD FRY STRANDED ON
GRAVEL BARS AND ELECTOSHOCKED FROM MAIN CHANNEL HABITAT
EXPRESSED AS A PERCENTAGE OF THE RESPECTIVE SAMPLE SIIE
{data collected from Augqust 1 - 20, 1983.)

GRAVEL BAR STRANDED

MAIN CHANNEL ELECTROSHOCKED

FRY:SIIE STEELHEAD FRY DISTRIBUTION STEELHEAD FRY DISTRIBUTION
{ca) {L 0f Population) {t Df Population)
August 1 - 10 August 11 - 20 August | - 10 August 11 - 20
0.0 - 0.3
0.3 - 1.0
§i.0 - 1.5
1.3 - 2.0 0,9
[ 2.0 - 2.5 0.2
| 2.5 - 3.0 2 2
3.0 - 3.5 23 20 1 3
3.5 - 4,0 62 63 60 318
4,0 - 4.5 11 12 28 32
4.5 - 5.0 1 2 B 12
1 5.0 - 3.5 0.2 3 7
5.5 - b.0 0.2 1
5.0 - 4.5
6.5 - 7.0 l
7.0 - 7.5 0.1 0.2
7,5 - 8.0 0.2 . 1
8.0 - 8.3 _
8.5 - 9.0 l
9.0 - 9.5 '—
9.5 - 10,0 3
> 10.0 I




% Of Total Stranded Population

FIGURE 23
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FIGURE 24

COMPARISON OF STEELHEAD FRY LENGTH FREQUENCIES
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main-channel steelhead fry length distributions for the two time periods, found
a significant difference between the two distributions (Table 15). The data and
results of statistical tests show that as the fry population i1n the main—-channel
area grows in late August, the length distribution of stranded fry does not.
This evidence strongly suggests that gravel bar stranding of steelhead fry is
size dependent.

Comparisons were made using the data from Table 14 to determine which
length intervals are most vulnerable to gravel bar stranding. Steelhead fry
within length intervals of 3.0-3.5 cm, which represents 1% and 3% of the total
steelhead fry population, contributed 23% and 20% to the total stranded
population (Table 14). This appears to indicate that steelhead fry of this size
are extremely vulnerable to gravel bar stranding. Steelhead fry between 3.5-4.0
cm represented over 60% of all those stranded in both early and late August.
However, in early August 60% and in late August 38% of the main-channel
steelhead population was made up of 3.5-4.0 cm fry. Once fry size increased
above 4.0 c¢m, vulnerability declined rapidly. This assertion is based again on
direct comparison of the proportion of main-channel steelhead fry to stranded
fry of the same size interval, Above a fry size of 4.0 cm the percentage of the
main-channel population is always found to be much greater than the associated
stranded fry of corresponding size as shown in Table 14. Size of peak vulner-
ability appears to be from emergence to 4.5 cm. Above this size, vulnerability
dropped off dramatically (Table 14). Electroshocking results showed that most
newly emerged steelhead fry were 3.0 to 3.5 cm in total length, although some
fry were cbserved down teo 1.5 cm.

As discussed earlier, three gravel bars were monitored bi-weekly from
August 31 to October 5 for stranded fry. Electroshocking was also continued to
monitor growth of the steelhead fry population. Table 18 shows the results of
these eleven gravel bar surveys. The results of these surveys indicate that
stranding continues through September, although stranding coccurrences appear to
decline, which might be expected since the number of fry in the peak
vulnerability size range become reduced as the steelhead fry population
continues to grow, combined with a reduction in recruitment of newly emerged
steelhead fry. If the emergence timing of the 1985 steelhead brood year was
normal, the data cocllected indicate a window of wvulnerability from late July to
the end of September. Prior to late July, runoff from snowmelt is typically
high and emergence of steelhead is still relatively low., After September most
of the steelhead fry were larger than the peak vulnerability size of 4.0 cm.

It should be clearly understood that gravel bar stranding of both steelhead
and coho fry likely takes place on a year-round basis; however, outside of the
peak vulnerability period this should probably be considered as "background®
stranding that affects only a small number of fish relative to those stranded
during the peak vulnerability period discussed above. 1In either case gravel bar
stranding of salmonid fry will contribute to reduced productivity.



Table 15 Results Of A Chi-Square Test Of Main-Channel Steelhead Fry Length
Distributions For Two Time Periads; August 1-10 And August 11-20

Tabulation of MEDIAM DATE STRAMDED (rows) by FRY LENGTH {coiuansi
Collapsed Table
(Frequency/Row percent/Colusn percent)
3 3.3 4 .3 3

105 25 207 7 1 13 [ M
2.3 3.4 81.9% 10.76 .47 ] 3659
56. 7% 0.9 W25 39.88 H.15

s le 127 392 73 14 624
2.5 20.3% (VN ¥ 12,02 L2 4.4
43.24 38.02 41.75 H.12 9.8

a7 33 A1) 170 2 1507
2.4 2.16 62.31 i1.28 1.7¢
Statistics for table of MEDIAN DATE STRANDED by FRY LENGTH

Chi-square { & df) ' = 34006  (PC0.4932)

Tabulation of MEDIAN DATE OF MID-CHANNEL SAMPLE (rows} by FAY LENGTH (columns)
follapsed Table
{Frequency/Ron percent/Coluan percent)
4 4.3 3 5.5

205 | 4 22 & 3 ¥
61,25 21.50 1.50 L 22
$2.03 Ha.n 40.00 21.43

[ H 30 &3 ¥ 1 I
4.10 31.51 1.3 15.07 | 47.11
3.9 3l it #0.00 70.57

" 43 15 L) 133
91.63 .41 .90 .15
Statistics for table of NEDIAN DATE OF MID-CHANNEL SAMPLE by FRY LENGTH

Chy-square (3 df) s LU IM0.023IN
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TABLE 16
RESULTS OF LATE SEASON GRAVEL BAR STRANDING SURVEYS

CONDUCTED AT ROCKPORT, MARBLEMOUNT,
AND FUNGUS BARS ON THE SKAGIT RIVER, 1985

Survey Fry Stranded At Bar Site

Date Rockport Bar Marblemount Bar  Fungus Bar
August 31 0 0 1
September 5 0 3 3
September 7 ¢ 0 0
September 11 v 0 0
September 18 0 2 0
September 21 0 5 0
September 28 0 1 0
October 5 0 0 0
QOctober 12 a 0 0
October 19 0 ol 0

Totals 0 11 4

2. PHYSICAL AND HYDRAULIC FACTORS AFFECTING GRAVEL BAR STRANDING

Analysis of variance (ANOVA) using the factors amplitude, ramp rate, slope,
substrate size, week, and location (upper vs. lower river sites) showed a
significant effect on gravel bar stranding due to each factor with the exception
of ramp rate. Several significant interactions {the effect of one factor
depends on the level of another) were alsc prasent suggesting that effects vary
between strata (combination of factor levels). Scme of these interactions can
probably be attributed to a preponderance of zeros for certain levels of several
factors. Table 17 shows the ANOVA table for the middie river observations
(RIVLOC=1). Three significant interactions are indicated at alpha = .05 level:
two-way interactions between amplitude and slope and between slope and sub-
strate. Significant three-way interactions involve amplitude, slope and
substrate. All means for log transformed data are included in Appendix G for
further interpretation of interactions.

An ANOVA table was not constructed for the lower study reach (RIVLOC=2)
because there were three empty cells in the data to be used in the analysis.
However, the general effect of moving downstream is a reduction in hydrologic
effects and in steelhead fry stranding as shown in Figures 25-29. The
importance of amplitude, slope and river location are very clear and well
illustrated in Figures 25-29, Although the data suggest that a ramp rate of
5,000 cfs/hour may strand more fish than a 1,000-cfs/hour rate, the difference,
if any, is probably not very large and seems to be confined to certain test
strata only. Table 18 shows the ANOVA for all data pooled over ramp rate. The
following discussion deals with each factor in greater detail.



Table 17 Analysis Of variance (ANOVA) Of The Migole Reach For The 1983

Steelhead Fry Gravel Bar Stranding Study

finalysis of Yariance Dependent variable: LOoNUM
For the subgroup: RIVLOC = {

Source df 53 iH) 3 F P

Between Subjects 296 413, 2048 A = Event
A (EVENT) ! 68,7283 48,7283 49.77% 0,0000 R = Ramping Rate
R RR) 2 3,571 1.9886 2.031 0.1326 S = Slope
E (5L) 1 55,9811 35,9911 57.188 0.0000 G = Substrate
6 (SUBSTR) 1 7.6252 1.6252  7.790 0.0057 W = Week
N (NEEKN) 2 7. 1183 35392 3.436 0,027

AR 2 0.0607 0.0303  0.031 0.9897

AS ] 4,9928 4,9528  5.160 0.0749

A6 l 3.6189 30149 J.4695 0.0559

AN 2 2.314% LIB7Z  1.213 0.2971

RS 2 3.3130 1.6563 1.492 0.1651

e : 0.7670 0.3573  0.381 0.497)

LU 4 2.6042 0.6310  0.555 0.5819%

56 1 5. 9846 S.7646  b.114 0.0141

S0 2 3.4861 L7430 1781 0.1697

o 2 0.9393 0.4696 0.480 0.62Z

ARS 2 1.4200 ¢.7100  0.725 0.489%0

AR5 2 2,834 Lagl L.77% 0.2792

ARR i 6. 0797 13199 L5533 0.1Bb6

ASE 1 4,4326 44926 4,389 0.6332

ASH 2 1.3802 0.8501  0.705 0.4969

RGN 2 0.5091 ¢.2586  0.250 0.7729

RSG 2 0.2672 0.1336  0.136 0.8734

R5W 4 3.6893 0.9221 0.942 0.4445

R6N 4 13 0.3606 0.348 0,8322

SoN Z 1,309 0.5545  0.449 0.5170

MSE Z 3.5618 1,789 L.BIY 0.1833

ARSN 4 £,0408 13102 1.543 0.1694

ARGY ' 10334 0.25%6 0.265 0.9008

ASGH 2 3. 4034 L7017 1.738 0.17b%

RS6N & 00733 0.0181 0.019 0,999

ARSGN 4 4,2730 1.0082 1.091 0.3590

§ubj w Groups 225 20,2314 0.978¢%



'Table 18 Analysis OFf Variance (ANDVA) For All Data (Including Day/Night)
' ‘Pooled Over Ramping Rate For The ({98% Steslhead Fry Gravel Bar
-t Stranding Study.

Analysis of Variance Dependent variable: LOGNUN

Source df 85 () NS5 F P

Betusen Subjects 595 589, 4990
R (RIVLOL) 1 8NN 53.7177 B%.934 0.0000
AN l 94, 1560 54,1560 90.588 0.0000
§ (5L l 7h, 4109 Te. M09 127,935 0.0000
6 (SUDSTR) 1 S. 0444 .0444 9. 447 0,0038
¥ (NEEKN) 2 11.49824 S.M13  9.94% (.000)
RA 1 1.4177 16177 12,754 10,0004
RS 1 3.5703 3.59703  5.97% 0.0148
RE | 1.4938 14938  2.501 Q.1143
RN 2 0.7877 0.3939  0.550 ¢.5210
AS } 11,4495 11,495 19.173 0.0000
Al § 3. 1831 J.1851  5.334 0.0213
M 2 1.12468 0.5534  0.947 0.3943
56 { 0.9461 0.9161  1.534 0.218]
S | 2 3. 1643 1.5833 2,651 0.0709
- | 2 1.4571 0.7209 1.221 0.9
RAS 1 0,054 0.0154 0.026 0.8728
RAG 1 0.9430 0.9450  1.382 0,2090
AAN 2 1.9709 0.7994  L437 0,1903
RSk l 87312 67312 11.272 0.0009
RSN 2 .25 1.1265 1.B84& 0.1515
REw 2 0.2507 0.1253 0,210 0.B121
RASE 1 1.0530 1.0630 1.780 o.1027
ASH 2 11969 0.5%84 [,002 0,345)
ABN 2 0.3t78 0.1589 0.266 0.7482
SEN 2 0.421% 0.2110  0.353 0.7047
RASE i 4,2013 4,2033  7.039 0.0082
RASH 2 1. 2403 0,620 1,037 0.3520
AAGH 2 0.2883 0.1842 0,242 0,787
ASGW 2 1.0 0.3370 0,899 0.4118
ASGH 2 2.073h .03 L.736 01739
RASGH 2 2.2134 11067  1.B33 0.15kb
Subj w Groups S48 327,249 0.5972



I FIGURE 25

STACKED BAR GRAPHS SHOWING THE EFFECT OF
DOWNRAMP AMPLITUDE ON STEELHEAD FRY GRAVEL BAR

STRANDING AT DIFFERENT LEVELS OF OTHER TESTING FACTORS
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FIGURE 26

STACKED BAR GRAPHS SHOWING THE EFFECT OF
RATE OF DOWNRAMPING ON STEELHEAD FRY GRAVEL BAR
STRANDING AT DIFFERENT LEVELS OF OTHER TESTING FACTORS
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FIGURE 27

STACKED BAR GRAPHS SHOWING THE EFFECT OF
SLOPE ON STEELHEAD FRY GRAVEL BAR
STRANDING AT DIFFERENT LEVELS OF OTHER TESTING FACTORS
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I FIGURE 28

STACKED BAR GRAPHS SHOWING THE EFFECT OF
RIVER LOCATION ON STEELHEAD FRY GRAVEL BAR
STRANDING AT DIFFERENT LEVELS OF OTHER TESTING FACTORS
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l FIGURE 29

STACKED BAR GRAPHS SHOWING THE EFFECT OF
SUBSTRATE ON STEELHEAD FRY GRAVEL BAR
STRANDING AT DIFFERENT LEVELS OF OTHER TESTING FACTORS
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a. Amplitude

Stranding during a 4,000-¢fs amplitude downramp is significantly higher
than for a 2,000 cfs downramp. In fact the 4,000-cfs amplitude consistently
stranded more than twice the number of fry stranded by the 2,000-cfs amplitude
fluctuation (see ANOVA Table 18 and Figure 25).

Furthermore, larger numbers of fry were stranded during the last half of a
4,000-¢cfs downramp than during the first half. The latter result is consistent
with the theory that stranding is proporticmal to the amount of habitat
dewatered, since the area dewatered per cfs withdrawn increases as flow
decreases.

The endflows during all tests were about 2,500 c¢fs at Marblemount,
consequently a 2,000-cfs amplitude test dewatered more than half the area of a
4,000-cfs amplitude test. Thus, the fact the 4,000-cfs amplitude tests stranded
more than twice as many fry as the 2,000-cfs amplitude tests suggests that area
exposed can not alone explain this difference, There is a definite tendency for
fry to become stranded towards the end of a downramping event. This tendency is
stronger for a large amplitude than for a small amplitude event.

b, Ramp Rate

The ANOVA tests failed to show a significant effect due to the ramp races
used. (See ANOVA Table 17 and Figure 26)}. A more detailed discussion of ramping
rate is presented later in this section of the report as part of fry stranding
location relationships.

c. Gravel Bar Slope

Gravel bar slope shows a very clear relationship to stranding of fry on
gravel bars. Gravel bars with a slope less than 5% were responsible for the
majority of all stranding. (See ANOVA Table 18 and Figure 27). The slope of the
bar exposed is also an indirect measure of the habitat dewatered. The smaller
the slope, the greater the amount of habitat dewatered for a given downramp.

Slope also has an effect on the rate of habitat dewatering (the smaller the
glope, the faster the rate of dewatering) and, therefore, has an effect similar
to ramping rate. The overall results of this study suggest that the amount of
habitat dewatered is far more important to steelhead stranding than the rate of
habitat dewatering within the ranges tested.

d. Location On River ("River Location®)

Consistent with the results for slope and amplitude is that the effects of
any downramping event are far greater upstream where the relative volume of
water involved is greater. (See ANOVA Table 18 and Figure 28). Considerably
less stranding downstream of Marblemount may in part be due to other factors
{e.g., fry distribution) but the stabilizing effects of increased tributary
inflow no doubt dampen the impact of downramping events.
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e.  Substrate

The ANOVA rates substrate as significant. Smaller substrate (less than
3 inches) generally tends to strand more than coarse (greater than 3 inches}.
ANOVA Table 17 and Figure 29 which shows the untransformed means suggests a more
complex relationship with, for example, socme reverse effects between different
levels of slope, river reach, and amplitude. The general conclusion about
substrate size is that it does seem to affect stranding and should be accounted
for in the analysis although its effects are not clearly understood.

£. Daylight ws. Night Downramping

Paired t-tests were performed by test site and date for 116 pairs of
observations. Although the average number stranded during the night tests was
somewhat greater, the difference was not significant for transformed or untrans-
formed data. The Wilcoxon Signed Ranks test also failed to show any significant
difference between daylight and darkness stranding for steelhead. Table 19
summarizes the day/night test results. Statistical tables are shown in Appendix
H.

TABLE 19
RESULTS OF A WILCOXON SIGNED-RANKED TEST

OF DAYLIGET VERSUS DARKNESS DOWNRAMPING
TIMES ON STEELHEAD FRY (1985)

No.
of
Average Number Obser-
Ramping Rate of Fry Stranded vations P - Value of

Date Darkness Daylight Darkness Daylight N Signed Ranks Test
8/02 R2 R2 5.41 4.12 17 0.859
8/11 R2 R2 0.94 0.77 34 0.591
8/12 R3] R3 1.18 1.65 34 0.975
8/16 Rl R3 0.26 0.48 31 0.176
all
Dates - it 1.48 1.44 lla 0.932

It might be argued that observations at the Diobsud Creek, Site 1 should be
excluded from the analysis since most of the stranding at this site occurred in
a large pothole-like feature in the upper part of the bar. However, excluding
these observations did not affect the conclusions. It should be noted that the
day and night portions of the tests invelved different levels of each site. The
night stranding always occurred above the day stranding. Analysis of double
tests conducted entirely in darkness indicated that stranding in the later test
segment tended to be either greater to or equal to the earlier one (results were
dependent upon ramp rate). Thus, it can probably be safely concluded, on the
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bagsis of the analysis tabulated above, that daylight downramping does not
increase steelhead stranding.

3. FRY STRANDING LOCATION RELATIONSHIPS

The precise location of a stranded fry could be influenced by a variety of
hydrologic, physical and temporal factors such as ramp rate, amplitude
fluctuation, time of day, or physical features on the bar. Relating the
stranding locations to these factors could provide further insight into the
understanding of gravel bar stranding phencmena. The purpose of this task was
to explore gravel bar stranding location with respect to these factors.

The results of this work will be presented in several parts each dealing
with different types of controlling factors as follows:

o Fry stranding locations vs. gravel bar features
o Fry stranding locations vs. night or day downramping times
o Fry stranding locations vs. downramping-rate

(1) Fry Strand Location vs. Gravel Bar Features

Seventeen of the 35 gravel bar stranding test sites had measurable
features. Only 13 of these 17 had fry stranded on them. This experiment tested
the hypothesis that the locaticn of stranded fry is closely associated with the
physical features of a gravel bar. Seven different types of physical features
were identified: (1) potholes; (2) logs:; {(3) wood debris piles; (4) large
rocks; (5) vegetation lines; (6) auto part debris; and {7) channel depressions.
{See Legend in Appendix I).

Twelve gravel bar sites were graphed showing the locations of all fry
stranded on each site during the course of the study, physical features and the
average high and low waterlines of the 4,000-cfs amplitude tests. In most
cases, a visual examination indicates that there is no strong correlation
between gravel bar features and the location of stranded steelhead fry. (See
Appendix I). The only exceptions were fry stranded in potholes, such as those
shown at Marblemount Bar, Site 3. There were a total of 17 potholes, only 4 of
which trapped one or more fry. Fry were also stranded in all four of the
channel depressions identified on Porbidden, Dicbsud, and Qink Bars.

Fry did not appear to strand in or around woody debris piles, logs, or
vegetation lines found on most of the 12 feature bars. It seems that most of
the fry atranded were not associated with any particular bar feature except
those trapped in potholes and channel depressions, both of which trap fry before
they strand them unlike the cther feature types. The 12 gravel bar plots
indicate that there is no strong correlation between stranding location and
physical features on the gravel bars, although potholes and channel depressions
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did strand a small number of fry.

(2) Fry Stranding Location ws. Ramp Rate

The major purpose of this task was to explore possible patterns in fry
stranding distribution in relation to the three downramping rates used during
the gravel bar stranding tests.

(a) 1,000 efs/hour vs. 5,000 cfs/hour

Pigures J-1 to J-B in Appendix J are graphical plots of the gravel bar
sites stranding more than 3 fry, with 4,000-cfs amplitude fluctuations and 1,000
¢fs/hour ramp rate. Figures J-9 to J-1% in Appendix J are the same plots with
5,000 cfs/hour ramp rates. A comparison of these plots indicates that there are
no differences between the distributions of stranded fry regardless of ramp
rate. The original speculation was that as the ramp rate increased from 1,000
to 5,000 cfs/hour, the fry would become stranded closer to the high waterline as
a result of a faster gravel bar dewatering rate, This relationship, however,
does not appear to hold since the typical distribution of stranded fry appears
to be random rather than stratified.

{(b) Accelerated vs. Constant Ramping Rate

Figures K-1 to K-15 in Appendix K are graphical plots of gravel bar sites
showing the distribution of stranded fry resulting from 4,000-cfs amplitude
fluctuaticns with an accelerated rate and then again with a 5,000-cfs/hour
constant ramp rate. The accelerated ramp rate was accomplished by withdrawing
the first 1,500 cfs at a rate of 500 cfs/hour and the remaining 2,500 cfs at
5,000 cfs/hour. The hypothesis was that the accelerated rate might strand less
fry by beginning the downramp at a slower rate followed by a faster rate
compared with a constant ramp rate of 5,000 cfs/hour. The results were also
compared with a constant ramp rate of 1,000 cfs/hour.

Nine (9) tests were conducted where the amplitude of the downramp was
approximately 4,000 cfs. (See test schedule in Table 3). Thirty five gravel bar
sites were gurveyed after each test.

Based on the measured c¢coordinates of observed fry casualties and
intermediate waterlines, the fry counts were divided into two categories. Thus,
separate estimates were obtained of the numbers stranded during the first and
last 2,000 cfs of the complete downramp.

A total of 307 paired (first and last 2,000 cfs) observations were thus
cbtained (8 out of the possible 315 observations were missing). The average
distribution of fry stranding between the two downramping stages is shown in
Table 20. The lack of a significant difference in overall stranding (total
4,000 cfs) between the three ramping rate schemes tested is noteworthy along
with the apparent difference between ramp rates during the first 2,000 cfs.



TABLE 20

AVERAGE NUMBER OF STEELHEAD STRANDED ON GRAVEL BARS
DURING 4000 CFS AMPLITUDE TESTS IN 1985

DOWNRAMP RAMP MIDDLE LOWER MIDDLE & LOWER | KRUSKAL-WALLIS
STAGE RATE RIVER RIVER RIVER COMBINED P=VYALUES
A1 1.68 0.26 Q.83 ) .040
FIRST
2000 R2 415 ] 0.58 2.27 c b) .044
CF3
R3 4,87 1.04 2.82 c) 004
A 6.820 1.2 3. 185
LAST & 921 8)
2000 R2 413 | 0.62 2.28 ¢ b) .8637
CFs
R3 352 0.70 2.08 c) 198
R1 8.4 1.5 4, 50
TOTAL 8 2 86 a) 504
4000 R2 a.28 a 118 458 c b) .211%
CFS
A3 319 1.74J 4.91 c) .185
Rl = ACCELERATED RAMPING RATE
R2 = CONSTANT 1000 CFS/HA
R3 = CONSTANT 5000 CFS/HR
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Figures 30 and 31 further reveal three different stranding profiles for the
three ramp rates: (1) accelerated ramp rates result in accelerated
stranding; (2) constant downramping at 1,000 cfs/hr produces constant stranding
over time; (3) constant downramping at 5,000 cfs/hr results in a decreasing rate
of stranding over time. The results of paired t-tests and Wilcoxon Signed Ranks
tests for the data pairs shown in Figures 31 and 32 are presented in Appendix L.

It is important to stress that these results apply to the full 4,000 cfs
downramp amplitudes tested. It should not be concluded, for example, that
terminating the test after the first 2,000 c¢fs would yield the stranding
profiles observed here. 1In fact, tests at 2,000 cfs of amplitude suggest that
ramping rate may affect the pattern of stranding over time (within downramp
event) without dramatically affecting the final count. (See Table 21).

Some general comments on these results are in order. As would be expected,
the trends are much more apparent in the upper part of the study area where the
hydrologic effects are more exaggerated. For example, the results seem to
support a theory that fry stranding is primarily a function of the area
dewatered (i.e., amplitude) and that ramping rates between 1,000 and 5,000
cfs/hr produce similar results. In fact, the results do not contradict this
conclusion for ramping rates as low as 500. The effect of sustaining a 500 cfs
ramping rate has, however, not been examined.

TABLE 21
GRAVEL BAR STRANDING
WITH DOWNRAMP AMPLITUDE
OF APPROXIMATELY 2,000 CFS(1l)

Middle Lower Middle and Lower

Ramp Rate River River River Combined
Accelerated 3.94 0.25 2.38
1,000 cfs/hr 1.04 0.42 0.72
5,000 cfs/hr 2.77 0.30 1.55%

(1) - See Appendix M for statistical
test results.

Two elements of these test results are very important. Pirst, the rate of
stranding in the 500-cfs/hour portion of the bar was lower than the
corresponding stranding rates for either 1,000 or 5,000-cfs/hour ramp rates.
Secondly, the total number of fry stranded for each test were roughly the same
regardless of ramp rate. The lower stranding rate produced by the 500-cfs/hour
ramping rate is particularly significant since there was no difference in
atranding rate betwgen the 1,000 and the 5,000 ramp rates. This difference can
be Interpreted to mean that stranding rates do not change between 1,000 and
5,000 cfs/hour, but between 1,000 and 500 cfs/hour the rate of stranding may be
reduced. Prom a fry behavioral standpoint, it means that at 500 cfs/hour, a
vulnerable fry may be able to avoid becoming stranded by following the waters
edge as it recedes. It also indicates that there might be some safer levels of
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FIGURE 30
AVERAGE NUMBER OF STEELHEAD FRY STRANDED ON GRAVEL BARS
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FIGURE 31
AVERAGE NUMBER OF STEELHEAD FRY STRANDED ON GRAVEL BARS
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ramp rate below 1,000 cfs/hour, but above this level, the stranding rate does
not increase with ramp rate up to at least 5,000 cfs, the highest observed ramp
rate tested. It must be reemphasized that it can not be concluded from the
study results that a 500 cfs/hour downramping rate is safer than a 1,000
cfs/hour ramping rate; however, the data suggests that this might be a possi-
bility.

It is puzzling that the total nuwber of fry stranded with accelerated and
5,000 cfs/hour tests are roughly the same since the 500 ¢fs/hour portion of the
accelerated ramp rate killed far less fry. A possible explanation for this is
that the fry that are not stranded during the 500-cfs/hour portion of the test
move down into the area dewatered by the 5,000-cfs/hour portion of the test,
which in effect, increases the fry density. A constant rate of stranding at
5,000 cfs/hour, with more fry at risk, means more fry stranded. Therefore, fry
that escape stranding with a 500-cfs/hour ramp rate are ultimately stranded
lower on the bar as a result of a fry density increase.

4. SIGNIFPICANCE OF STEELHEAD/COHO FRY GRAVEL BAR STRANDING

Gravel bar stranding of salmonid fry has been documented by many fisheries'
researchers over the years. Most of these studies had no quantitative means for
determining the magnitude of gravel bar fry stranding impacts on the Skagit
River. The intent of this study task was to develop a method of estimating the
number of fry stranded on gravel bars between Newhalem and Rockport, given
certain hydraulic conditions relating to the amplitude fluctuation of a downramp
event, the downramp rate, and the river discharge level at the end ¢f the
downramp. The matrix that was developed for this purpose can be used to
evaluate the magnitude and impact of gravel bar stranding on salmon fry in the
spring and steelhead in the summer/fall.

A total of 42 gravel bar locations were identified 1n the study area,
representing 29,110 lineal feet of gravel bar of various slope and substrate
combinations (Table 22). Forty—-seven percent of the total gravel bar within the
study area ls located within the 10.8 mile~long lower river reach, 19% in the
middle reach, and 35% in the upper reach (Table 23).

TABLE 21

SUMMARY OF THE SKAGIT RIVER STUDY AREA
GRAVEL BAR INVENTORY

Reach Feet of Percent Of

Length Gravel Total Gravel
Study Reach River Miles (miles) Bar Bar
Lower River 67.5 - 7B.2 10. 13,600 46.7%

Upper River 84.2 - 92.9 10,110 34.7%
Totals 2 29,110

0.8

Middle River 78.3 - 84.1 5.9 5,400 18.6%
8.8
5.5



TABLE 22

SKAGIT RIVER BAR INVENTORY DATA
FROM ROCKPORT TO GORGE POWERHOUSE

LOWER RIVER
" BAR BAR LOCATION SUBSTRATE TYPE SLOPE  BAR LENGTH
NAME (RIYER MILE} (PRIMARY) (%) {FEET

1 ROCKPOAT | IV 87.5 <3* 4 800

2 WAYNE SWiM I-lit 841 <y 3 600
3 WAYNE SWIM Iv-V| a1 <3" 14 400
4 TIN SHACK I=IV 833 <3* 800

S TIN SHACK Vv 3.3 <3’ 12 200

§ TIN SHACK VI 1. <3 4 200
7 8AD SPOT I 704 <" 8 200
8 BAD SPQT N 700 <3" & 200
9 BAD SPOT 1N 709 <3 7 200
10 BAD SPOT Iv 70.1 <3* 32 200
11 EAGLE BAR I-I¥ 704 <3" 4 100
12 EAGLE 8AR v-Vi| 704 <3* 2 400
13 EAGLE BAA VII T0.1 <3 1" 200
14 EAGQLE BAR Vill-X 70 >y 7 soo
15 FORBIDDEN AAR 1=l 70.5 <3* ] 600
16 FORBIDDEN BAR IV=¥I 70.5 <3" 5 890
17 J R BAR I-iv T >3 8 8100
18 STUMP HAVEN I-lI 725 <3* 4 400
10 STUMP HAVEN li 728 <3" 18 200
20 MODEL | T28 »3" 7 200
21 MODEL Il 728 >3° 9 200
22 HOQPER SLOUGH 1=l r2.7 <3" T 800
23 HOQOPER SLOUGH IV-v¥ 727 >3 12 400
24 HOQPER SLOUGH Vi=vI} 1217 <3" 38 400
25 INACCESSIBLE | 734 >3 3 200
28 INACCESSIBLE Il 734 >3 5 200
27 INACCESSIBLE M T34 <3" 4 200
28 INACCESSIBLE Iv 734 <3 | 200
20 INACCESSIBLE V T34 <3" 17 200
30 CARNAGE BAR 73.3 <3" T 200
31 POWER BAR I-iil 742 <3 4 400
32 DAY BAR 742 »3" 4 200
33 NORTH OBRIEN FERRY | 781 <3" -] 200
34 NORTH OBRIEN FERRY I T84 <3 2 200
35 SECLUSION ISLAND 783 >3 ] 200
38 BIg EDDY I T7.5 »2" ] 200
37 BIG EDDY II 775 >3 13 200
s eie EDDY I 775 >3° 17 200

SUBTOTAL 13800



SKAGIT RIVER BAR INVENTORY DATA
FROM RCCKPORT TO GORGE POWERHOQOUSE

BAR
NAME

39
40
“
42
43
44
45
46
47
48
49
50
51
52
53
54
55
58
57

MARBLEMOUNT BAR |
MARBLEMQUNT BAR I
MARBLEMOQUNT BAR {1l
FUNGUS BAR I-H
FUNGUS BAR LI}
DIOBSUD |

pioasup i1

DI108SUD 1N

DIOBSUD Iv-v
SHOTGUN BAR =11l
MAPLE BAR

BACON BAR I-ilt
BACON BAR Iv

FACE BAR |

FACE BAR Ii

FACE BaA 11l

OINK BAR 1=l

OINK BAR IlI-i¥
COFPER CREEK

MIDDLE RIVER
BAR LOCATION SUBSTRATE TYPE SLOPE BAR LENGTH

(RIVER MILE} {PRIMARY) (X) (FEET}
78.2 <3" 3 200
7482 <3" 4 200
78.2 <3 1 200
TAS >3 2 400
785 >3 4 200
s0.e <3* , 13 200
50.8 <3* 11 200
806 »a* @ 200
80,8 <3* 5 400
81,5 <3" T 600
825 >3 7 200
2.8 >3 7 600
828 <3" 13 200
Ba.r <a* 5 200
az.7 <3" 14 200
827 >3° 32 200
82.9 <3" 8 400
8z.9 >3" ] 400
841 >3 19 200
SUBTOTAL 5400

2 0of 3



FROM ROCKPORT TO GORGE POWERHOUSE

SKAGIT RIVER BAR INVENTORY DATA

UPPER
BAR BAR LOCATION
NAME (RIVER MILE}
BaR 58 arn?
BAR 59A a7.8
BaR 598 87.8
BAR §0A 845
BAR 8QB 885
BAR 81 888
BaR 62 849
BAR 63 89.1
BAR 84 88.3
BAR &5 894
BAR &8 89.5
BAR BT7A 80.1
B8AR 678 9801
BAR 83 g91.8
BAR 89 0.7
BAR T0A 91.9
BAR TOB 91.9
BAR T1A 921
BaR T18 921
BAR 72 824
BAR T3A 228
8AR T3B 929

RIVER
SUBSTRATE TYPE SLOPE  BAR LENGTH
(PRIMARY) (x) {FEET)
<3 5 400
>3 10 450
>3 7 §80
<3* 12 500
<3* 8 500
<3" , 8 350
>3 [ 300
>3 10 250
<3 12 400
<3 20 h1+]o]
<3" 10 400
>3 11 S00
»3" 15 £00
>3° 4 400
>a* 14 250
<3 13 450
<3 4 300
>23* 21 800
>3" T 800
>3 5 800
<3* 18 350
»>3" A50
SUBTOTAL 10110
TOTAL
GRAVEL BAR 28110

3of3
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A detailed breakdown and distribution of bar types is shown on the right
side of the matrix in Figure 32. The majority of the lower river is made up of
bar slopes of less than 5% and substrate of less than 3 inches in diameter. The
middle and upper river reaches show a more even distribution of the six
different combinations of bar slope and substrate types.

The left side of the matrix shows the average number of steelhead fry
stranded per 200 feet of gravel bar, given a specific combination of reach
location, amplitude fluctuation, ramp rate, bar slope, and substrate. These data
were derived from the results of the gravel bar stranding tests. Each value of
average fry stranded in the matrix resulted from the summation of the total fry
stranded divided by the total number of test replicates having a specific
combination of the five variables listed above. The values representing the
upper river reach from Newhalem to Copper Creek use the same values computed for
the middle river reach.

The predictive matrix was developed to estimate the relative number of
steelhead fry stranded on gravel bars within the 26-mile study area for six
different downramping scenarios (Figure 33). Bach cell of this matrix is the
product of the average number of fry stranded/200 feet of gravel bar for that
cell type and the number ¢f 200 foot-long gravel bar units within each river
reach. (See example in Figqure 34). Each cell of the predictive matrix contains
three individual numbers representing stranded steelhead fry For upper, middle,
and lower river reaches., Bach of the six columns in the matrix represents a
different type of downramping scenario. The cumulative sum of each column is
the prediction for the total number of stranded steelhead fry for the entire
gtudy area from Newhalem to Rockport. The lowest stranding total of 106.7
steelhead fry is for a 2,000 cfs downramp amplitude fluctuation and a
1,000-cfs/hour ramping rate. The highest stranding total, 622.6 steelhead fry,
was predicted for a 4,000 cfs amplitude fluctuation and a ramp rate of 5,000
cfs/hour.

To determine the magnitude of the steelhead gravel bar stranding on the
Skagit River from Newhalem to Rockport, these daily estimates must be applied to
the period of peak vulnerability, which conservatively appears to be
approximately 75 days (July 15 to September 30) in length. If the dam is
operated over the entire 75-day period so that it strands the maximum number of
fry per day (622.6), which is very unlikely, a total of 46,695 steelhead fry
would be stranded during the peak vulnerability period. Before and after the
peak vulnerability period, gravel bar stranding of steelhead would contribute
little to this total since fry are presumably not present before this period and
steelhead juveniles are much less vulnerable to stranding. The total stranded
in a given year could and would vary depending on adult escapement, egg-to-fry
survival, daily dam cperation over the peak vulnerability period, and the type
and amount of gravel bars which changes dynamically from year-to-year.

This relative estimate must be further qualified since it does not and
could not make adjustments for several sources of error including observer error
and predation on stranded fry. The relative estimate was developed within the
limits of the study and does not reflect total stranding, but certainly accounts
for a large portion of it.



MATRIX SHOWING THE AVERAGE NUMBER OF STRANDED STEELHEAD AND COHO FRY FOR
38 DIFFERENT COMBINATIONS OF GRAVEL BAR SLOPES, AND SUBSTRATE BY DOWNRAMP

FIGURE 32

AMPUTUDE AND RAMPRATE IN ADDITION TO GRAVEL BAR REACH LOCATIONS AND LENGTHS.

SUMMER 1985

GRAVEL DAR
DOWNRAMP AMPLITUDE DOWNRAMP AMPLITUDE LOCATION AND LENGTH
2000 cis 4000 cfs { Unss! Faol }
GRAVEL BAR PRIMARY RAMPRATE { cis/hour ) RAMPRATE ( cfs/hour ) UPPER MIDDLE LOWER
SLOPE SUBSTRATE SIZE
(%) Cinches | Accaterstedtn| 1000 §000 | Accelerstadio| 1000 5000 REACH REACH REACH
U=3.0 U=3.0 U=1.8 U=0.8 U=3.7 U=17.3
<3" M=3.0 M=3.0 M=1.0 M=9.8 M=3.7 M=17.3 100 1,200 5,800
L=8.0 L=1.0 L=0.0 L=5.3 L=d.4 =43
0-5%
U=10.86 U=0.5 Us=4.8 U=143 U=21.4 U=9.4
>3 M=10.8 M=0.8 M=4.8 M=14.3 M=21.4 Map.d 1,200 800 600
L=0.5 L=1.0 L=0.4 L=2.7 L=1.5 =23
U=0.9 U=189 U=2.5 u=122 U=5.1 U=112
<3" H=0.9 M=19 M=25 M=122 M=51 M=412 1,200 1,000 2,400
L=0.0 L=0.3 L=0.4 L=0.7 L=1.4 L=.1
>5%-10X
U=0.1 U=0.2 U=0.3 U=0) U=0.1 U=0.4
>3" M=0.1 M=0.2 M=0.3 M=0.1 M. M=0.4 3110 1,400 2,000
L=0.7 L=0.5 L=0.1 L=Q.7 L=0.4 L=1.8
U=0.0 U=0.0 U=0.0 U=o.7 U=1.2 U=2.5
<3 M=0.0 M=0.0 M=0.0 M=0.7 M=12 M=2§ 2,000 800 2,000
L=0.0 L=0.0 L=0.0 L=0.0 L=0.0 L=0.0
>10%
u=1.3 U=0.5 Us=13 U=3.7(2 | Us20 U=37
>3 M=1.3 M=0 § M=1.3 M=37 M=2.0 M=37 1,850 {3) 400 800
L=021 L=0.3 L=0.1 t=0.2 \ L=0.0 L=0.5
(). The Accelerstad Downramp began wih 8 rampraie Upper Reach ——1——U=3.7 | AVERAGE HUMBER OF FAY STRANDED/200 FT OF
of 500 cfs/hr followad by $000 cfs/ar untll the PP | __M=3.7 H-GRAVEL BAR FOR DIFFERENT COMBINATIONS OF
specitisd Amplitude Fluctualion wss sccomplished. Middle Resch 1 ' BAN SLOPE, SUBSTRATE, RAMPRATE, AND AMPLITUDE
¢ feae | ~L=0.2 ) FLUCTUATION OF A DOWNRAMP EVENT (2)
(8. Ses Figure 34 fer typlicsl meihod of calculatisn L

for esch Sirending Pradiction scensris.

Lower Resch /




FIGURE 33

MATRIX PREDICTING TOTAL STEELHEAD AND COHO FRY STRANDED WITHIN THE
THREE REACH STUDY AREA FOR S1X DIFFERENT DOWNRAMP SCENARIOS.
SUMMER 1985

DOWNRAMP AMPLITUDE DOWNRAMPF AMPLITUDE
2000 cis 4000 cfs
GRAVEL BAR PRIMARY AAMPRATE (cls/hour) RAMPRATE (ci3/hour)
SLOPE SUBSTRATE SIZE
(x) { nchas ) Accaleratedin} 1000 §000 Acceletaiad(y) 1000 §000
U=10.5 U=10.5 U=8.7 U=343 U=13.0 U=G60.8
<3" M=18.0 M=10.0 M=11.4 M=50.8 M=222 M=103.8
L=232.0 L=20.0 L=28.1 L=163.7 =127.8 1=1247
0-5X%
U=83.8 U=3.8 U=285.8 U=a5.8 U=120.4 U=58.4
>3 M=318 M=1.8 M=14.4 M=429 M=84.2 M=28.2
L=t.5 L=3 0 L=1.2 L=81 L=4.5 L=8.9
U=5.4 U=114 U=15.0 u=73.2 U=30.8 U=67.2
<3" M=4.5 M=0.5 M=125 M=81.0 M=255 M=56.0
L=0.0 L=3.6 L=48 L=8.4 L=16.8 L=13.2
>5X-10%
U=16¢ U=2.1 U=4.7 U=18 U=18 U=6.2
>3 M=07 M=1.4 M=2.1 M=0.7 M=0.7 M=28
L=7.0 L=5.0 L=1.0 L=71.0 L=4.0 L=18.0
U=0.0 U=0.0 U=0.0 U=T7.0 U=120 U=25.0
<3" M=0.0 M=0.D M=0D.0 M=2.8 M=4.08 M=10.0
L=90.0 t=0.0 =00 L=0.0 L=0.0 L=0.0
>10%
U=120 U=4.6 U=1240 U=34.2 (3)| U=185 U=342
>»3" M=2.6 M=1.0 Me28 M=7.4 M= 4.0 M=7.4
L=0.4 \ L=1.2 L=0.4 1=0.8 L=0.0 L=2.0
TOTALS 359.8 N 106.7 1317 sa1.? 478.4 \ 6228
(0. The Accelersted Dewnramp bagen with \ - \
o ramprsie ol 600 chi/w follewed ’—‘—_I Y }
by 5000 cla/hr untll tha specifled =12, . EQUALS PREDICTED NUMBER
Amplituds Fluctretion wes sccomplished. Upper Resch — U ~ 2.0 || rora rav stasnoeD OF STRANDED FRY FOR ALL
__fM=26 DURING DOWNRALP EVENT GMAVEL BARS IN THE STUDY
(2). Ses Figura 34 for ypicel method of Middle Reach r/L=0.4 I IN EACH RIVER REAGH AREA ([COLUMN TOTAU
BY TEST TYPE

celculstios for each Slrending
Pradiclion scansflo. Lower Ruch/



FIGURE 34

STRANDING PREDICTION
TYPICAL METHOD OF CALCULATION

2,000

<P

From Figure 32 From Figure 32 See Flgure 33

3.7 FRY STRANDED\ (1850 LINEAL FEeT) _ &2 TOTAL FRY STRANDED
200 FEET IN UPPER REACH IN uPPER
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5. OBSERVER ACCURACY TESTING

Gravel bar fry stranding tests have been conducted on the Skagit, Cowlitz,
and Sultan Rivers in recent years. All of these studies required visual counts
of fry stranded. The purpose of this experiment was to determine the accuracy
of a typical observer attempting to locate fry stranded on a gravel bar of
several different physical makeups. A determination of observer accuracy is
extremely important to a quantitative study of this type. Observer accuracy was
determined by comparing the number fry placed on a gravel bar in a visible
position to the number of fry actually detected by an observer.

TABLE 24

STEELHEAD GRAVEL BAR STRANDING CONTROL TEST RESULTS

Test Site Live Dead Number Substrate
Number Sravel Bar Number Planted Planted Recovered Type
1 Inaccessible Island 3 *5 1 large
2 Inaccessible Island 2 *5 0 large
3 Inaccessible Island 2 5 4 large
4 Rockport Bar 1 *eg 4 small
5 Rockport Bar 2 *+3 2 small
6 Rockport Bar 3 *x7 2 small
7 Forbidden Bar 1 6 5 small
8 Forbidden Bar 2 5 5 small
9 Big Eddy 3 6 4 large
10 Bacon Creek 1 6 5 large

* Live fry placed on the gravel bar with a bucket of water quickly moved
beneat!i rocks until water drained away. Many of these fry stayed beneath these
rocks making it impossible for observer to find these fry.

** These control tests were conducted at approximately 1 pm on a very hot, dry
day. All fry desiccated quickly when placed on the gravel bar and became very
unrealistic looking and difficult to locate by observers.
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TABLE 25

SUMMARY OF GRAVEL BAR STRANDING CONTROL TESTS

Fry Fry Percentage
Test Type Planted Found Recovered
Live PIY c.iicinescennanss 10 1 10%
Dead Fry (cumulative) .,... 28 23 82%
Dead Fry - Large Substrate 17 13 76%
Dead Fry - Small Substrate 1l 10 91%
Dead Fry - Sunny/PM Tests 16 8 50%

(1) Live Fry Tests

Two live fry control tests were conducted on gravel bars with large
substrate (Table 24). The objective of the control testing was to determine
what percentage of the visible stranded fry an observer would typically locate.
In both cases most of the fry remained under rocks after bucket-water used to
introduce them to the bar had drained away. This appeared to create an abnormal
stranding situation due to fry panic when released from the bucket and alsc made
it impossible for an observer to find the fry since they typically were not
visible to the human eye. Since live fry did not always stay visible, they
could not be used.

Prior to conducting live fry control tests we released several bunches of
fry in one location on a typical gravel bar to observe fry stranding behavior.
When released, these fry had several minutes to move arcund among the substrate
before the water from the bucket began to drain into the gravel, When first
released, most fry immediately moved beneath the nearest or best cover source.
Once the bucket water had drained from the immediate release site the fry began
to struggle. Most of the stranded fry continued to struggle for several minutes
and the ones located under cover remained there even after several minutes of
flopping about after the water had drained from the site. Some of the fry
eventually were ahle to work their way out from underneath the cover, but this
was purely a random result of their struggle. The results of these two tests
indicate that observer accuracy could not be determined because a large number
of the released fry moved under cover and never reappeared. This is supported
by the results of the two live fry tests in which only 10% of the released fry
were recovered by the observer being tested (Table 25), Typically, the
undetected fry could not be relocated after the test had been completed,
demonstrating the fry's ability to conceal themselves after being released with
water from a bucket.
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{(2) Dead Fry Tests

Several different types of observer accuracy tests were conducted once it
was determined that control tests required dead fry to produce a more ideal
situation. The first tests were conducted by placing fry on the gravel bar 1in
the early morning hours before sunlight reached the bar so that fry did not
become desiccated and abnormal in appearance. A total of five tests of this
type were completed, three of which involved bars with large (greater than 3
inch) substrate, and two other tests on bars with small substrate (Table 24).
In each case the exact coordinates of the fry placed on the bar were documented
so that undetected fry could be relocated to reconfirm their visibility and
pregsence. Furthermore, if a naturally stranded fry were found by the observer,
its coordinates could be compared with those of the control test fry so that
these fry could be eliminated from the results of the control test.

The three tests conducted on large substrate indicated that 76% of the
planted fry were recovered and two additional tests with small substrate had a
91% recovery rate (Table 25). These results appear to support the thought that
as the grawvel bar substrate complexity increases, the observer accuracy is
reduced, but that recovery rates were generally high. These tests were
conducted to simulate observer accuracy on a strictly gualitative basis and by
nc means should be interpreted otherwise. The purpose was merely to
gqualitatively understand whether a typical cobserver is finding some, most, or
virtually all of the visible fry stranded on a given bar and at the same time
evaluate whether substrate complexity has an effect on accuracy.

Three additional dead fry tests were conducted in the afterncon after the
cbserver had finished locating fry for that day's tests. Fry were placed on the
bar in an identical manner to those described above with the noted exception of
time of day and weather. These tests took place in the afternoon of a very hot
summer day. Fry used in these tests were quickly desiccated and became very
difficult to see. The observers were able to locate 50% of the fry placed on
the bar. This is considerably lower than the recovery rates from the morning
control tesats. The lower recovery rate is due to the poor condition of the fry
resulting from desiccation. These results perhaps emphasize the importance of
searching bars as early as possible to avoid fry desiccation or removal by
scavengers such as birds.
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SECTION VI

RESULTS OF SPRING 1986 GRAVEL BAR STRANDING STUDIES

.

1. BIOLOGICAL FACTORS AFFECTING FRY VULNERABILITY
TO GRAVEL BAR STRANDING

Cravel bar stranding of salmonid fry is dependent on the fry being
present and, when present, occupying gravel bar habitat dewatered by downramp
events. There were four salmonid species; chinook, ¢hum, pink, and steelhead
present in the Skagit River during the field portion of these studies. Every
other year (odd years) pink salmon return to the Skagit River to spawn. Pink
salmon that spawned in the fall of 1985 produced emerging fry in the spring of
1986 that were exposed to gravel bar stranding. Following emergence, pink fry
move quickly downstream toward saltwater and, as such, are vulnerable to
gravel bar stranding for only a short time. Chum salmon fry resulting from
fall spawning adults, like pink fry, spend only a short amount of time in the
upper Skagit River on their way to saltwater. Chum, unlike pink salmon, spawn
every year, Chinook salmon also spawn every year in the fall, and their fry
emerge in the spring months and are vulnerable to gravel bar stranding since
the fry rear in the Skagit River for some time after emergence (typically
90 days). Steelhead juveniles are also present in the spring months, having
over-wintered after emergence in the previous summer/fall (typically bhetween
July and August). When the term "salmon fry" is used in this report, it
refers to all four of the aforementicned fry species unless otherwise
specified. A summary of all the data collected for the 1986 Spring Gravel Bar
Stranding Study is found in Appendix N of this report.

a. Vulnerability of Specific Species

A total of 513 salmon fry and steelhead juveniles were found stranded on
gravel bars during the 23 formal gravel bar stranding tests that were
conducted between March 14 and April 13, 1986 (Table 26). With the exception
of 16 fish, all were identified by species. Nearly 63% of the f£ish stranded
during this period were chinook fry, 30% were made up of pink fry, with chum
fry and steelhead juveniles representing 5.0 and 2.2% respectively (Tables 26
and 27).

It is clear from these data that all three salmon fry species and
steelhead juveniles are susceptible to gravel bar stranding but 1t also
appears that some are more vulnerable than others. Chinook and pink salmon
fry were stranded in much higher numbers than chum and steelhead fry. This is
understandable for chinook since the fry density of this species is so much
higher than any other in main~channel habitat (Figure 3%). Chinook accounted
for 81% of the main—channel fry population and only 42.9% of the stranded fry
in late March and 77% in early April (Figures 36 and 37.) Pink salmon, in
contrast, made-up only 8.8% of the main-channel population in late March
compared to 45.4% of the stranded population for that same time period. 1In
early April, pink fry accounted for a much smaller portion of the main-channel
population at 1.7% but still accounted for nearly 19% of the fry stranded.



TABLE 26

SKAGIT RIVER SALMON FRY AND STEELHEAD JUVENILE DATA FOR DIFFERENT

CAPTURE LOCATION TYPES AND TIME PERIODS BETWEEN MARCH 14 AND APRIL 13, 19886

CAPTURE AVERAGE LENGTH
TIME FISH STANDARD
SPECIES LOCATION LENGTH RANGE VARIANCE
TYPE INTERVAL NUMBER Cem) {em) DEVIATION
Gravel Bar March 14 - 31 [} 438 35 - 58 0200 0.080
CHINOOK Stranded AprE Y - 14 220 438 38 - 48 0480 003
Malns Channel March 14 - 28 202 438 31 -54 0.229 0.057
{Elacirashocked) Aprit 2 ~ 13 408 4.3 3.4 - 50 0180 0.03p
Polhales March 14 - 24 180 4.51 380-120 0438 0407
[Elacireshacked) Aptll 2 - 13 108 4,28 1z - 49 0220 Q052
Back Channals March 14 - 28 150 4.49 an- 80 0S80 0.34
(Elsctrashocked) Aprid 2 - 13 t 4 1) 4.41 38 - 53 0230 0.054
CHUM Gravel Bar March 14 - 3 20 435 39 - 40 0.230 0.050
Stranded Aptil 1 - 34 41 AT - 48 0320 [ RN
Main Channst Muich 14 ~ 28 1 1 a’s na nis
{Electreshocked) Aptil 2 ~ 13 1 428 42 - 44 0.080 0.006
Poihalas Mereh 14 - 28 Q wa n/n »Ma nin
{Electirashackad) Apti 2 - 13 0 wa n/s (Y]] n/a
Rack Channals March 14 - 28 ] L X ] 37 - 28 0.080 0.006
(Elacireshocked) Apil 2 ~ 13 1 42 n/s nia n/a
PINK Qravel Bar March 14 - 31 " 3.9 24 - 42 0.270 007
Stranded April 1 - 14 52 .47 - a8 0430 0.03
Maln Channsl March 14 - 28 22 338 1-38 0.140 0019
{Elscireshocked) Aprit 2 - 1) » LR 31-37 ¢.200 0.04
Patholes Match 14 - 26 7 3.4 3.2 - 28 0.130 0.017
{Electrosheched) April 2 - 13 0 n/n nfe a/a n/s
Sack Channels Mareh 14 - 28 i 3s 31 -8 0112 0012
{Electroahoched) Aprll 2 - 13 ] oln " n/s nfn
Qravel B March 14 - 31 § iss 49 - 11 0.810 066
STEELHEAD Strsnded Apil 1- 14 H 0e 68 -748 0.610 03s
Main Choannel March 14 - 28 28 432 4T - 11 0.750 0670
(Etacirashocked) April 2 - 13 23 .41 47 - 07 0980 097
Pathalss March 14 - 28 ] 585 48 - 8.2 1.230 151
(Elecireshaciked) April 2 - 13 4 6.2 48 - 175 o870 0950
Back Chanaals March 14 - 28 27 563 30 -105 1470 112
{Elscireshecked) April 2 = 13 18 5.53 45 - 6.8 D830 [ ] ]

n/u = Nat Applicable
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SPECIES COMPOSITION OF FRY ELECTROSHOCKED FROM THREE DIFFERENT HABITAT TYPES

VERSUS THOSE STRANDED ON GRAVEL BARS EXPRESSED AS A PERCENTAGE OF THE |
POPULATION SAMPLED DURING THE SPRING 1986 GRAVEL BAR STRANDING STUDY

NN\ \
BN %_? ,
"N 7 V4 777
t 77 Y/

N 2 ,
0////// ///// vz

ooooooo
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FIGURE 36

COMPARISON OF GRAVEL BAR STRANDED AND ELECTROSHOCKED
MAINCHANNEL HABITAT FRY POPULATIONS EXPRESSED AS A PERCENTAGE
OF TOTAL FRY IN EACH POPULATION DURING MARCH 13-27
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FIGURE 37

COMPARISON OF GRAVEL BAR STRANDED AND ELECTROSHOCKED °
MAINCHANNEL HABITAT FRY POPULATIONS EXPRESSED AS A PERCENTAGE
100 OF TOTAL FRY IN EACH POPULATION DURING APRIL 1-14
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TABLE 27

SPECIES COMPOSITION OF THE GRAVEL BAR STRANDED FRY
DURING LATE MARCH AND EARLY APRIL
RESULTING FROM 23 DAYS OF GRAVEL BAR STRANDING TESTS

Stranded Fry
Fry Species March 14-26 April 1-13 March 14 - April 13 Total Fry

4's L ¥s % t's v __Nos.
Chinock .... 92 42.9 220 77.7 J12 62.8 624
Chum ....... 20 g.4 5 1.8 25 5.0 50
Pink ....... 97 45.4 52 18.4 149 30.0 298
Steelhead .. S 2.3 6 2.1 11 2.2 22
Total Fry
NOS. veune.- 214 283 4197 994

Similarly, chum fry in late March represent only 0.4% of the main-
channel fry population but account for nearly 10% of the fry stranded. The
obvious conclusion is that chum fry, like pink, appear to be much more
vulnerable to gravel bar stranding when they are present in gravel bar
habitat. Very few steelhead juveniles were stranded on gravel bars as might
be expected by the results of the summer/fall steelhead gravel bar stranding
study in Section IV of this report. The larger steelhead fry and juveniles
become, the less likely they are to become stranded on gravel bars. This was
identified by the data in Figures 36 and 37, which show that the percentage of
the main-channel steelhead juvenile population is always much higher than the
corresponding stranded percentages.

The data suggests that pink and chum fry are more vulnerable to gravel
bar stranding than chinook fry, which in turn are more susceptible than
steelhead juveniles. Because chinook fry are so much more abundant, higher
numbers are stranded even though their rate of stranding is lower than either
pink or chum fry. When pink fry are not present (every other year) in the
Skagit River, 89.7% of the fry stranded will be chinocok, 7.2% chum, and 3.1%
steelhead. This can be derived by eliminating the pink salmon fry shown as
stranded in Table 27.
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The vulnerability of each species can be derived using the following
relationship, which estimates the rate of stranding for each species relative
to chinook fry:

Where; Re = stranding rate of chinook fry
Rp stranding rate cf pink fry
Sc = number of chinook fry stranded on gravel bars
Sp = number of pink fry stranded on gravel bars
Mc = number of chinook fry in main-channel habitat
Mp = number of pink fry in main-channel habitat
ch = chinoock
p = pink
¢ = chum
s = steelhead
Vp/s * relative stranding rate of pink fry

For example, the following estimates the rate of stranding for pink
salmon fry relative to chinook fry during the March 14-26 time pericd:

Vp/s = 97 x 202 = 9.68 which roughly means that
92 x 22 pink fry are approximately
10 times more vulnerable to
gravel bar stranding than
chinock fry.

The follcowing table gives the relative vulnerability results for all
species during both the late March and early April time periods.

The results of Table 28, which predict stranding rates relative to
chinock fry indicate that pink fry, when present, are 1l0-13 times more vul-
nerable to gravel bar stranding than chinook fry. Chum fry are alsoc highly
susceptible to gravel bar stranding; at least 2-~43 times more vulnerable than
chinook. Steelhead juveniles, as expected from the results in Section V, are
less vulnerable to gravel bar stranding than chinook fry.
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TABLE 28
PREDICTED STRANDING RATES FOR PINK, CHUM FRY
AND JUVENILE STEELHEAD FOR TWO TIME PERIODS
IN MARCH AND APRIL RELATIVE TO CHINCOR FRY VULNERABILITY

Stranding Rates

Species March 14-26 April 2-13
Chinook Fr¥ «ev... 1.0 1.0
Pink FIY cusvss . 12.8 10.0
Chum FIY .eeevaces 43.5 2.2
Steelhead Juvenile 0.4 0.6

All four species of salmonids found in main-channel habitat of the
Skagit River were found stranded on gravel bars. Each species contributed
varying amounts to the total of 513 fry stranded. The species contribution to
total stranding is a function of fry abundance and rate of stranding. Chinook
contributed the most to the total stranded because of their high abundance
even though they have a relatively low stranding rate. Behind chinook, pink
salmon fry stranded the second highest number of fry during the study period.
Pink were much less abundant than chinocok, but because they are 10-13 times
more vulnerable to stranding than chinocok fry they were able to strand a
higher number of fry during the late March portion of the testing period.
Their abundance declined during early April, which resulted in a smaller
percent contribution to the total stranded in April. Chum fry represented
only 0.4% of the main-channel population in March, but had an extremely high
stranding rate which explains why this species was able to contribute nearly
10% to the total stranded in March. Steelhead juveniles were two (2) times
less susceptible to stranding than chincok and did not represent a high
percentage of the main-channel population, which resulted in a small
contribution to the total stranded during the testing period of approximately
2%,

b. Window of Vulnerability

Two different approaches can be used to define the gravel bar stranding
window of vulnerability. The window of vulnerability is described as a time
period where a specific fry species is most vulnerable to the effects of
downramping. Fry presence and abundance in conjunction with fry length are
two factors capable of defining the window of vulnerability. Fry of a
particular species can only be affected by downramping when they are present
in habitat that 1s dewatered. Secondly, when present, a fry species may only
be vulnerable to gravel bar stranding during a specific, size related life-
stage. To determine if gravel bar stranding of chinook, pink, and chum is
size dependent, the “"population® of fry occupying main-channel gravel bar
habitat had to be compared to the "population® of fry actually being stranded
on the gravel bars over time (steelhead are discussed in Section V of this
report). This was accomplished by routinely electroshocking main-channel
gravel bar habitat throughout the course of the study and comparing the
species composition and length frequency distributions with the "population®
of fry stranded on gravel bars. If no size dependency exists, the fry
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stranded on gravel bars will closely resemble the species composition and
length freguency of fry residing in main-channel habitat.

Typically, chinook fry are present in the Skagit River from February
though May (Table 29). Fry begin to emerge from gravel in February and most
remain in the study area into late May before outmigrating to saltwater. Chum
begin to appear in low numbers in Pebruary, with peak emergence occurring in
April in most years. Upcn emergence, they move downstream to saltwater as do
pink salmon fry. Steelhead observed in spring are juveniles that have over-
wintered. Steelhead fry are present from July though October. The small
number of steelhead juveniles found stranded on gravel bars during the spring
of 19B6 were all much larger than the peak size of vulnerability discussed in
Section V of this report and, for that reason, are thought to be well past the
peak vulnerability period.
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TABLE 29

TYPICAL FRY AND JUVENILE LIFE-STAGE TIMING FOR CHINOOK,
CHUM, PINK AND STEELHEAD IN THE SKAGIT RIVER

Fry Life-Stage Timing

Species (months)
Chinook February - May
Chum February - May
Pink Pebruary - May

Steelhead July - October (fry)
Year Round (Juveniles)

(1) Chinook

Peak abundance levels typically occur bhetween February and May. The
average size of stranded chinook fry , 4.3 cm, did not change between late
March and early April and was identical to the average size of the population
in the main-channel habitat (Figure 38, Table 30). Length frequency distri-
bution comparisons between stranded and main-channel populations were almost
identical (Figure 39, Table 30). These results indicate that no gravel bar
stranding size dependency relationship applies to chinook; in fact, it appears
that chinook fry move downstream before any appreciable growth is observed.

It is reasonable to speculate that chinook fry moving downstream (out of study
area) are replaced by newly emerging fry so that growth within the
*population” was not detected during the cne-month study period. It appears
that chinook are equally vulnerable to gravel bar stranding during the
majority of their freshwater life stage regardless of fry size.

(2) Pink and Chum

Peak abundance of pink salmon fry typically occurs in March and declines
in April and May (Table 29)., Chum abundance is typically highest in April and
declines in May. Pink and chum fry outmigrate quickly, so they do not achieve
any appreciable growth while in the study area (Figures 40 and 41). For this
reason, no possible gravel bar stranding fry size dependency can exist. Their
window of vulnerability is controlled by their presence in the study area from
February to April every other year.

2. PHYSICAL AND HYDRAULIC FACTORS AFFECTING GRAVEL BAR STRANDING
As was the case Eor the 1985 analysis, the dependent variable (the

number of fish stranded) was transformed using the natural logarithm of one
plus the actual count, prior to performing analysis of variance (ANOVA) tests.



TABLE 30

LENGTH DISTRIBUTION OF CHINOOK SALMON FRY
STRANDED ON GRAVEL BARS AND ELECTROSHOCKED FROM MAIN CHANNEL HABITAT

EXPRESSED AS A PERCENYAGE OF THE RESPECTIVE SAMPLE SIZE

(Dets coilected from March 13 to Aprll 26, 1988)

GRAVEL BAR STRANDED
CHINOOK FAY DISTRIBUTION
(X OF POPULATION)

MAIN CHANNEL ELECTROSHOCKED
CHINOOQK FRY DISTRIBUTION
(X OF POPULATION)

FRY SIZE
{cm)
MARCH 13 - APRIL 1 APRIL 2 — 26 MARCH 13 ~ APRIL 1 APRIL 2 - 28

0.0 - 05

0.5 - 1.0

1.0 - 15

1.5 -20

20 - 25

26 - 3.0

3.0 - 35 2 1 0.2
3.5 - 40 5 6 L] .}
4.0 - 45 69 81 80 83
45 - 5.0 23 13 12 .X.)
6.0 - 55 1

5.5 - 8.0




% Of Total Stranded Population

FIGURE 38

COMPARISON OF GRAVEL BAR STRANDED
CHINOOK SALMON FRY LENGTH FREQUENCIES
FOR TWO SAMPLING PERIODS IN MARCH AND APRIL 1986
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FIGURE 39

COMPARISON OF CHINOOK SALMON FRY LENGTH FREQUENCIES
FROM MAIN CHANNEL HABITAT AND GRAVEL BAR STRANDED FRY
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FIGURE 40
COMPARISON OF GRAVEL BAR STRANDED
PINK SALMON FRY LENGTH FREQUENCIES

100 FOR TWO DIFFERENT TIME PERIODS IN MARCH AND APRIL, 1986
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FIGURE41

COMPARISON OF PINK SALMON FRY LENGTH FREQUENCIES
FROM MAIN CHANNEL HABITAT AND GRAVEL BAR STRANDED FRY
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The logarithmic transformation was used since the raw data showed
proportionality between mean and standard deviation. There were 24
observations made on each of 35 gravel bar sites (Figures 4 and 5,

Section III). For the twelve Al (2,000 cfs amplitude downramp) events, each
observation consisted of the total count of stranded fry. Thus 420 (12x35)
measurements were cobtained. For the twelve A2 (4,000 cfs of amplitude)
events, two measurements were taken. Stranding observations at A2 events are
bivariate, composed of the fry c¢ounts during the first and second half of the
downramp event. The A2 events produce 12x35=420 paired observations.

In the initial analysis of variance (ANOVA), the two counts for each A2
event were added together and ANQVA's were performed separately for Al and A2
observations for middle river (RIVLOC=1l) and lower river (RIVLOC=2). The four
ANOVA tables are shown in Tables 31-34, Cell means and standard deviation are
listed in Appendix Q.

Ending flow did not significantly affect stranding in any of the four
tests and week number was significant only 1n the lower river during high
amplitude events. We conclude that end flow in the range of 3,000 to
3,500 cfs as measured near Marblemount, does not significantly affect chinock
fry stranding. The observations are balanced with respect to both week number
and end flow and since the effects of week number is of minor importance the
observatlons were pocled over these factors in the remaining analysis.

An ANOVA was performed using all 840 observations with two levels for
each of the factors; amplitude, river location, substrate and ramping rate and
three levels of slope. The result of this analysis is shown in Table 35, cell
means and standard deviation can be found in Appendix O. There are several
significant interactions identified in Table 35. Several of these involve
river location and are very likely due to a preponderance of zero fry
stranding observations. (See Appendix P, Table P-1.}) The cell means 1in
Appendix 0O and Figures 42-46 are useful in interpreting these interactions.

Numerous parametric and non—-parametric tests were performed on subsets
of the data producing results that were generally consistent with the ANOVA
tables included here. The fact that a large portion of the stranding counts
were zerc may have had some effect on the study outcome in terms of biased
counts, etc., and may also have affected the analytical results. However, it
is important to bear in mind that the general conclusions stated in the
following sections were as a rule upheld when subsets of the data containing
few zeros were analyzed. BExceptions to this rule are noted in the discussions
that follow. Cell means for untransformed observations are given in Appendix
0.

An expected highly significant effect due to slope was confirmed. 1In
fact, the average number of fry stranded on slopes less than 5% was more than
8 times greater than the average for the remaining observations (Figure 42).
Coupled with the additional fact that 35% of the gravel bars in the study area
have slopes less than 5%, leads to the conclusion that these bars may be
responsible for as much as B0% of all salmon fry stranding. The following
discusgion summarizes the results of the statistical analysis for each factor
separately.



Table 31 Analysis Of Yariance For The 19846 Salmon Fry Stranding Study From The
Middle Reach With 2,000 CFS Amplitude

Rnalysis of Variance Depencent variable: LOGKUN
For the subgroug: RIVLOE =1 A =]

Scurce d¢ g5 (H) NsS F P

Detueen Subjects 215 43,6130
LY 2 B, 0042 4,001 28,231 0.0060C
& (SUBSTRI i 60,0305 0.0385 0.272 0.8030
¥ (WEEKN) 2 0.0380 0.919;  0.134 0.8735
EE) 1 0.0380 0.0340 0.254 0.4152 :
R (R) t 0.0150 §.0:90 0,130 0.714%
36 2 v, 7981 0.1341  2.4%7 4.0833
] ') 0.2%46 0.07%7  0.519 0.723s
SE 2 0.1151 0.0573  0.404 0.58%%
&R 2 2.0046 1.0034 7.075 0.0012
(1] 2 0.0408 6.0303  0.214 ¢, 9094
13 } 0. 0018 0.0018  0.913 6.9095
6K { 0. 0071 0.0071 0,050 0.8227
¥e 2 2,6330 1,365 9.284 0.0002
] i 0. 0658 0.0329 6,232 0.7%48
ER i 9. 6040 0.0050 0,042 0.2378
Sbhi 4 ¢. 1688 0.0472 0,333 0.8568
S6E 2 0.1202 0.0601 0,824 0.4579
SoH 2 0.3298 0.1848 1142 00,3135
S | 2.25%¢ 0.5448 3,953 0.0042
SWR 4 0.41586 0.1539  1.083 0,363
R 2 0.0725 0.0363  0.29% 0.7743
GhE 2 0.4333 60,3187 2,233 0.1
LT 2 0. 0075 0,0038 Q.02 0,974}
BER 1 0. 0003 0.0003 0,002 0.%547
kch 2 0. 06%2 0.0346 0.24% 90,7854
SEHE 4 0.3715 0.1429  1.908 0.4027
S6iR 4 0.2204 0.035¢  0.38% 0.8179
SBER 2 0. 1314 0.0655  0.452 0,4335
SWER 4 3.2110 0.8028  U.841 0.0003
bR 2 0. 3304 0.1652 1,165 0.3124
SGRER L 0. 3947 0.0992  0.469% 0.554%
Suoj w Broups 144 20.4194 0.14)8




Table 32 Analysis Of Variance For The 1986 Salmon Fry Stranding Study From The
Middle Reach With 4,000 CFS Amplitude

Analysis of Variance Dependent variable: LDENUM
For the subgroups RIMOC =1 A =12

Source df 88 W KSS F P

Betssen Subjects 215 #4.2102
5 (3 2 LUK 43222 30,113 0.0060
§ (SUBSTR) o 0.1101 0. 1101 0.747 90,3825
N (REEXN) 2 0.6138 ¢ 3079 LS 0,199 !
£ (E) 1 0. 3077 0.3077 2,144 0, 1454
R Lk} 1 0.0034 0.0026 .08 0.853L
56 2 2.1999 11000 7,604 0.0007
o ] . 29i2 0.5703 3973 0.0043
SE 2 90,0798 0,0399 0,278 0,75%
38 2 9.0097 0.0048  ¢.074 0.5471
] 2 $.1272 0.0535 0. 443 0,045%
bt i 0.0023 0.0025 0,016 0,893
R | 0, 0032 0.0632  0.027 0.381!
¥z 2 0.7728 0.3854 Z.592 0,070
(] 2 0.2910 0.1455 1,014 0.2629
Efl 1 0.0743 0.0745 0,537 Q.%asd
So L] 0.7381 0.1890 1.317 00,2645
S6E F; 0.1762 0.088: 0.614 0,348
SaR 2 0. 1606 0.0803 0.23% 0,5759
SHE 4 0.325% 0.0813 0.555 0.4881
3R ] 0. 6730 ¢.1688  1.176 10,3217
SER 2 0.9838 0.4318  3.326 0.0349
SuE ! 0. 4999 0.2500 1,781 0.1774
BilRt F 0.3352 0.1a76 i.188 0.3117
GER i 0. 0904 0,0604  0.540 0,4554
WER 2 0.8%11 0.343% 2,408 0.90930
ShuE 4 ). 8547 0.1737 1,210 0. 304§
2bAR { ¥, 9252 0.1313  0.515 60,4411
SEER 2 1.0971 ¢.5400  3.822 0.0240
SHER 4 0.0534 0.0158  0.110 0.9789 '
GUER 2 $.0778 9.0389 0,271 0.7048
SBiER 4 0.974 0.2148  1.523 ¢.1970
Sub) w Groups 144 20, LabBd 0.1435




Table 33 Analysis Of Variance For The 1986 Salmon Fry Stranding Study From The
Lower Reach With 2,000 CFS Amplitude

Analysis af Variance Dependent variable: LOGNUK
For the subgrcup: RIVLOC = 2 A=)

Zource d¢ 83 (h MES F P

Batween Supjects 203 12,8079
3 13) 2 11,3954 5.7997 20,058 0.0000
b (SUASTR) 1 2.1153 2,153 1,316 0.0077
i (nEEKN) i 0. 6844 0.3422 1,133 9.3072
E {E) i 0,03%2 0.0592 0,205 0,318 '
R (f ) 1.7494 1, 7494 5,050 0,0152
56 2 1. 2433 0.6217 2,150 0.119%
S 4 0, 2077 0.051% 0,180 0.9450
5E 2 0.2234 0.1127 0,390 0.4803
5h ) 04344 0.2172 .75 0.6477%
be 1 0.7%51 3960 1.377 0.2542
BE | 0.1378 0.13%¢ ¢.552 0.4388
ok | 0.8558 0.8858 J.944 0.0624
13 ) 2.0819 14410 4,584 0.90081
[T 2 0,258 9.1294 0,447 0.5420
ER 1 0.0475 0,087 0.233 08299
56 A 1.9412 4903 1,896 0.1536
Sbc 2 8.15%0 0.0795 0,275 0.7s18
Sod 2 0. 4024 0.2012  0.896 0.5040
S 4 0.8362 9,2091 6,723 0.3808
SR | 0, 9657 0.24a4  D,BE2 10,4983
SR 2 0.9577 0.4783 1.83& 0.1534
ok 2 0.1324 0.0862 0,22 0,1972
BHR 2 0.0354 0.0278 0,096 0.9070
BER i 0.2521 0.2521  0.872 0.3521
kER 2 3209 Leldd 5,570 0.0047
SEKE ] 0. 2066 0.0716 0,248 0.%¥112
SGUR 4 %1013 0.0254 0.083 0.9852
SEER 2 0.2444 0.1223 0,423 0,584
SNER ] 1.299% 0,3250 .02 0.3433
GRER 2 0.1156 0.0596 0.207 0.@148
SowER 4 0.2972 9.0643 0,222 0.9281

Suby w Broups 132 38. 1449 0. 2891




Table 34 Analysis DOf Variance For The 1986 Salmon

Lower Reach With 4,000 CFS Amplitude

Fry Stranding Study From The

Analysis of Variance

Source of
Between Subjects 203
: 15
& (SUESTR}
W IWEEXN)
IR
i {R)
&

56W
ShE
SGR
111
SR
EER
GiE
ERR
BEx
[
SEuE
S6NR
36ER
SHER
SUER
SGNER
Suby w Groups 13

oy A o P e B RS R e o da kg B e e g B e e ) ) R PR RO o D s N

[ 2% )

Dapendeat variable: LOGNUN

For the subgroupt RIVEOC =2 A = ¢

85 (K}
83,1274
71,0333
2,487
3.3292
0.0869
0.3349
2,519
1.6343
0.073)
0.2031
0.3294
0.6321
0.8944
0.8043
1. 4057
0,2837
L6l
0.2500
0. 8700
0. 4492
1.1427
0.0243
0.19%9
0.3486
0.0734
1. 1540
0.3825
¢. 9345
0.3604
0. 73
1.2483
0.9380
29,1214

1]

3,577
yRLLY
1. 5b45
0,0849
0.3349
1,2875
0.4714
0.0377
0.10:8
0.2647
0.0%28
0. 8964
04022
6. 7028
0.2477
0. 4865
6. 1256
0. 4450
6. 123
0.2857
6. 0132
0. 1000
0.1843
0.0734
0.5770
0.1436
0.2337
0.1802
0.1578
0.6241
0.2345
0.2257

r

i3.519
10.754
7,343
0.383
1,417
5.680
2.080
0,164
0,446
1.168
0,142
3. 934
1,774
3.0
1.1%
2. 148
0.552
1.963
0.4%3
1.260
0,058
0. 441
0.813
0.324
2,545
0.442
L.o3t
0.795
0.92%
2.753
A

F

0, GOL3
0. 0013
0.0009
0.5346
0. 2204
0.0043
0. 0843
0.0482
0.5423
0.3120
0.7074
0.0438
0.1724
0.0480
0.2538
0.0780
0.3603
0. 1434
2. 7810
0.20868
0.3437
0. 4459
9.4497
0.5702
0.08:7
0.4358
¢.2911t
0.4577
0.3127
0. 0549
¢.3851




Table 35 Analysis Of Variance For The 1986 Salmon Fr i
y Stranding Study P
Over Endflows And Week Numbers 9 Y Pooled

Anal,sis of Variance Dependent variable: LOBKLN

Searce of 83 W) NS5 F P

Betugen Subjects B39 24,5750
L (RIWLIC) 1 1.1782 1.1782 5.531 0.01B9
A (RMP) : 0. 0017 0.00:7  G.008 06,9288
5 15LOFE) 2 44158 170079 8L.705 0.0000
$ (SUBSTR) i 1.9845 19945 9.317 0.0024
R (RRATE) 1 1,0487 1.0867 5.008 0.0253 '
LA 1 00378 0,027 0175 0.674L
LS 2 1.08%0 0 H483 0205 0.8127
L& 1 2.6E83 2,658 12,482 (.0005
LR 1 0.7587 0.7387 3,562 0.03%%
AS 2 9.1302 0.065t  0,30d 0.738%
kb 1 0.0362 0.0362 0,170 0.4804
i i 0.1687 0.1687 0,792 0.3713
36 2 0.4352 G276 1,020 0.3560
5¢. ; 15454 0.7727  3.429 0,028
R | 0.8278 ¢.8279  3.BB& 90,0450
LAS 2 0. 1851 0.0%15 0,424 G.s8502
LAk ! 0.0744 0.0988 0,454 0.5009
LAn 1 0.i1.8 0.1118 0,525 0,4485
5b 2 5. 8948 2.9474 13,837 0.000C
LSk 2 0.0339 0.0158 0,09 0.9:34
LER 1 v. 9949 0.984% 4,824 ¢,0)E
AZh 2 9.0077 0.0038 0.0i6 0,7323
AR 2 0.4195 0.3097 1,454 0,232
Ack 1 2.6015 0.001% 0,009 0,923
SbR 2 0.2907 0.1454 6,582 0.5091
LASE 2 0. 3888 0.1744 6,913 0. 4041
LASA 2 0.4241 0.2120 0,575 0.3754
LABR 1 0. 0642 0.0042 0,020 ¢.898Z
LR 2 1.336b 0,466 3,138 0,043
ASoR 2 o140 0.07:5  ©.336 G.7189
LASER 2 0.0122 0.008l  0.0629 0.971%
Suc) W brows 792 148, 7008 0.2130




FIGURE 42

STACKED BAR GRAPHS SHOWING THE EFFECT OF
SLOPE ON SALMON FRY GRAVEL BAR
STRANDING AT DIFFERENT LEVELS OF OTHER TESTING FACTORS
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FIGURE 43

STACKED BAR GRAPHS SHOWING THE EFFECT OF
DOWNRAMP AMPLITUDE ON SALMON FRY GRAVEL BAR
STRANDING AT DIFFERENT LEVELS OF OTHER TESTING FACTORS
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FIGURE 44

STACKED BAR GRAPHS SHOWING THE EFFECT OF
RIVER LOCATION ON SALMON FRY GRAVEL BAR
STRANDING AT DIFFERENT LEVELS OF OTHER TESTING FACTORS
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FIGURE 45

STACKED BAR GRAPHS SHOWING THE EFFECT OF
RATE OF DOWNRAMPING ON SALMON FRY GRAVEL BAR
STRANDING AT DIFFERENT LEVELS OF OTHER TESTING FACTORS
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FIGURE 46

STACKED BAR GRAPHS SHOWING THE EFFECT OF
SUBSTRATE ON SALMON FRY GRAVEL BAR
STRANDING AT DIFFERENT LEVELS OF OTHER TESTING FACTORS
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a. Slope

Slope demonstrated the most dramatic effect on fry stranding of all
variables examined (Tables 31-34). Thirty-four percent of the observations
were made on gravel bars with slope of less than 5%, where 81% of all stranded
fry were found. The distribution of gravel bars of this type along the Skagit
River is thus of great importance in assessing the overall magnitude of fry
stranding. Since hydrological effects seem to become accentuated on the more
gradually sloping bars {0-5%), they also afford the best oOpportunity to
examine the relative effects of hydro-operation (downramping) on fry
stranding. The dramatic difference between bars with slope less than 5% and
those with slope between 5-10% suggest a great sensitivity to slope in this
range (Figure 42 and Appendix Table P-2).

b. Amplitude

The ANOVA analysis showed no significant effect due to amplitude
{Table 35 and Appendix Table P-3). A comparison between 2,000-cfs (AMP=1) and
4,000-cfs (AMP=2) amplitude events which occurred during the same test
sequence (three test sequences were completed, each consisting of eight
downramping events) failed to reject the hypothesis that there was no
difference between stranding due to amplitude (Table 36). These results
coupled with the fact that most stranding with 4,000~-cfs amplitude events
occurred in the second half of the event (see Tables 37 and 38) suggest that
stranding occurs near the end of the event (Figure 43).

TABLE 36
PAIRED t-TEST FOR
FIRST VERSUS SECOND HALF OF 4,000 cfs

AMPLITUDE TESTS
SALMON FRY GRAVEL BAR STRANDING 1986

Paired Differences t-Tests

Variables N Means®* 5.D.'s §.D. (Diff) t P
2nd 2,000 cfs 0.195 0.443

420 0.501 4,905 0.001
lst 2,000 cfs 0.075 0.281

*transformed data
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TABLE 37
SIGNED RANKS TEST FOR FIRST VERSUS SECOND HALF
OF 4,000 CFS AMPLITUDE TESTS

Wilcoxon Signed-Ranks Tests .

Dependent 5.D. T Signed Ranks z
Variables(l) N Mean(l) Diff. (P-Val) + - Tie (P-
val)
2nd 2,000 cfs 0.4065 N 75 26 319

420 1.405 3.68 Mean 4.69
lst 2,000 cfs 0.152 {.0003) Rank 52.287 47.288
{.0000)

(significant)

(1) — The statistical tests in Tables 36 and 37 show that the second half
stranding was significantly greater than first half stranding. Mean
stranding count for second half was 0.405 versus 0.152 for first half.

The contrast with the results reported for steelhead 15 noteworthy.
Doubling of the amplitude more than doubled steelhead stranding. More signa-
ficant effects due to amplitude for chinook might be present at higher fry
densities; however, in this study even the smallest slope stratum (0-5% where
stranding was highest) showed no significance (Table 38).

TABLE 38
STATISTICAL TEST OF THE AMPLITUDE
EFFECT ON SALMON FRY STRANDING IN 1986
USING ONLY OBSERVATIONS WHERE GRAVEL BAR SLOPE
WAS LESS THAN 5%

Mann-Whitney Test

Group 1 is AMP=1 (2,000 cfs)
Group 2 is AMP=2 (4,000 cfs)

Dependent Mean Mann-wWhitney
Variable Group N Mean Rank *J" Statistic Z
NUMF1SH 1 144 1.594 146.135
(Average 10,132.5 0.165
Stranded) 2 144 1.243 142.865 {Not

Significant)
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c. Endflow

The two downramp ending flow levels corresponding to approximately 3,000
and 3,500 cfs were not significantly di1fferent with respect to stranding under
any test conditions (Tables 31-34). The average number of fry stranded per 200
feet of gravel bar were 0.76 and 0.48 respectively for 3,000 and 3,500 cfs
endflow as measured at Marblemount (Table 39 and Appendix Table P-4).

TABLE 39

STATISTICAL TEST OF THE EFFECT OF DOWNRAMPING
ENDING FLOW ON SALMON FRY
GRAVEL BAR STRANDING IN 1986
THEE DIFFERENCE BETWEEN THE TWO LEVELS
(3,000 CPS VERSUS 3,500 CFS) WAS NOT SIGNIFICANT

Mann-Wwhitney Test

Group 1 is ENDFLO=1 (3,000 cfs)
Group 2 is ENDFLO=2 (3,500 cfs)

Dependent Mean Mann-Whitney
Variable Group N Mean Rank "U" Statistic Z
NUMFISH 1 420 0.757 429.050
(Average 91,7391 1.021
Stranded) 2 420 0.483 411.950 {Not Significant)
d. Location On River ("River Location")

The ANOVA (Table 35) indicates a significant difference between middle
and lower river bar sites. The means plotted in Pigure 44 show this effect to
be most proncunced when ramping rate was 5,000 cfs/hr or when only small (less
than 3 inch) substrate sites are included. As was the case with steelhead,
there seems to be a tendency for hydrologic effects on stranding to be greater
toward the upper reaches.

e. Ramping Rate

Ramping rate does appear to affect salmon fry stranding. Under
conditions which generally favor stranding (gentle slope, middle river, small
substrate and low amplitude), the higher ramping rate of 5,000 cfs/hr stranded
significantly more fry than the 1,000 cfs/hr rate (Figure 45 and Table 40). As
noted before, the statistical significance of tests are reduced by the prepon-
derance of zeros (75% of all observations were zero or "no fry" observations).
However, the consistently higher rate of stranding at 5,000 ¢fs/hr than at 1,000
cfs/hr strongly suggests a significant sensitivity to ramping rate in this range
(Figure 45 and Appendix Table P-5).
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TABLE 40

STATISTICAL TEST OF THE 1,000 CFS/HR (RRATE=1)
VERSUS 5,000 CFS/HR (RRATE=2) RAMPING RATES
ON GRAVEL BARS WITH A GENTLE SLOPE (0-5%)
1986 SALMON FRY STRANDING

Mann-Whitney Test
Group 1 is RRATE=1 (1,000 cfs/hr)
Group 2 is RRATE=2 (5,000 cfs/hr)

Dependent Mean Mann-whitney
Variable Group N Mean Rank "UJ* Statistic 2
NUMFISH 1 144 0.868 136.347
(Average 11,542 1.661
Stranded) 2 144 2.069 152,653 {Significant at

alpha = ,05)
f. Substrate

The two levels of substrate less than 3 inches and greater than 3 inches
tested significant (Table 35). As was the case with ramping rate, the effect of
substrate was greatest in strata with small slope and high stranding rates
(Table 41, Figure 46, and Appendix Table P-6).

TABLE 41

STATISTICAL TEST OF SMALL SUBSTRATE (SUBSTR=1)
VERSUS LARGE SUBSTRATE (SUBSTR=2)
ON GENTLE SLOPE GRAVEL BARS (0-5%)
1986 SALMON FRY STRANDING

Mann-Whitney Test
Group 1 is SUBSTR=1 (Small Substrate Less than 3*")
Group 2 is SUBSTR=2 (Large Substrate Greater than 3")

Dependent Mean Mann-Whitney

Variable Group N Mean Rank "U" Statistic Z
NUMFISH 1 144 1.958 153.934
(Average 11,726 1.922

Stranded) 2 144 0.979 135.064 (Significant)
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3. FRY STRANDING LOCATION RELATIONSHIPS

Precise stranding locations of fry may be influenced by several factors
including downramping rate, amplitude fluctuation of the downramp, ending flow
of the downramp, and physical features on each gravel bar. The purpose af this
task was to explore the gravel bar stranding location with respect to these
factors.

Twenty-nine of the 35 gravel bar study sites stranded salmon fry or
steelhead juveniles during 23 days of testing (See Appendix Q). Only four of
these sites had any physical features on them. Only at Rockport Bar Site 1 did
three fry strand in a depression found on the gravel bar. At the other three
gravel bar sites (Rockport Bar Site 2, Diobsud Creek Site 2, and Oink Bar Site
1) fry were not stranded anywhere near a gravel bar feature.

The only cther relationship that developed from these plots was a visual
evaluation of fish stranded on gravel bars between the 3,500 and 3,000 cfs
endflows (as measured at the Marblemount gage). Prior to these tests, there was
some concern that habitat dewatered below an endflow of 3,500 cfs could strand
large numbers of fry. The study results show that this endflow does not
represent a threshold level below which fry stranding is significantly greater
{see plots). On nearly 2 of every 3 gravel bar sites, fry were stranded between
the 3,500 and 3,000 cfs endflow waterlines. But the numbers of Ery were
generally very low, ranging from 2 to 7 fry stranded during 23 tests. The only
exception to this was at Marblemount Bar Site 3 where 46 fry were stranded. A
review of these plots demconstrates that fry are not stranded disproportionally
on the segment of a gravel bar dewatered between flows at Marblemount of 3,000
to 3,500 cfs.

A comparison of fry stranding location to downramping rate or amplitude
could not be made due to the lack of sufficient numbers of stranded fry for a
particular test type.

4. SIGHIFICANCE OF GRAVEL BAR STRANDING

The intent of this study task was to develop a method for approximakting
the magnitude of fry stranded on gravel bars between Newhalem and Rockport Bar
given certain hydrologic conditions relating to the amplitude fluctuation cof a
downramp event, the downramp rate, and the endflow achieved at the end of a
downramp event. The results of the matrix produced can be applied to the daily
dam operations to obtain a rough estimate the magnitude of fry stranded on
gravel bars through the season.
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The First of the two-step process 1nvolved construction of a matrix that
contains two different data types: the left side of the matrix shows the
average number of salmon fry stranded per 200 feet of gravel bar given a
specific combination of reach location, amplitude fluctuation, ramping rate,
downramp endflow, bar slope., and substrate (Figure 47). These data were derived
from the results of the gravel bar stranding tests and within the limits of the
study. Each value in this part of the matrix resulted from the summation of the
total fry stranded divided by the total number of replicates having a specific
combination of the six variables listed above. (See example Figure 35.) The
values representing the upper river reach are identical to those calculated for
the middle reach. The right side of the matrix is a breakdown and distribution
of the gravel bar types found in all three reaches of the study area. These
gravel hars are categorized by reach location, bar slope, and dominant substrate
type. For a more detailed discussion see Section V of this report.

The average number of fry stranded/200 feet of gravel bar ranged from 0.0
toc 8.9 depending on the type of gravel bar and downramp type. The highest value
in the matrix was represented by the following combination of factors: a
downramp amplitude of 2,000 cfs, a 5,000 cfs/hour downramping rate and a 3,000
cfs downramp endflow; combined with a gravel bar slope of less than 5% and
dominant substrate less than 3 inches.

The second step in the process was the development of a matrix which
provides an estimate for the total number of salmon fry stranded on gravel bars
within the 26-mile study area for eight different downramping scenarios (Figure
48). Each cell in this matrix is the product of the average number of fry/200
feet of gravel bar for that cell type and the number of 200-foot-long segments
of gravel bar within each river reach. (See example in Figure 35.) Each cell of
the matrix c¢ontains three different values representing the stranded salmon fry
for the upper, middle, and lower river reaches. Bach of the eight columns in
the matrix represent a different type of downramp scenaric. The cumulative sum
of each column is the relative number of salmon fry stranded for the entire
study area from Newhalem to Rockport for the eight respective downramp
scenarios. The lowest fry strand total was produced by a 2,000 cfs downramp
amplitude fluctuation combined with a 3,500 cfs endflow and 1,000 c¢fs downramp
rate. The highest fry strand total was produced by a 2,000 cfs amplitude
fluctuation combined with a 3,000 cfs endflow and a 5,000 cfs/hour downramp
rate.

To determine the magnitude of salmon fry gravel bar stranding on the
Skagit River from Newhalem to Rockport these daily estimates must be applied to
the period of peak vulnerability, which conservatively seems to be 120 days in
length (February 1 to May 30). A possible "high side" estimation assumes
maximum daily stranding of 162.6 fry/day, multiplied by the 120-day vulner-
ability period for a total of 19,512 salmon fry stranded per season. BEvery
other year pink salmon fry would not contribute to the total stranded which
would represent a 30% (see Table 26) reduction translating to 13,658 fry
stranded per season, The total number of stranded fry per year would vary
depending on how the hydroelectric project is actually cperated, adult escape-
ment, egg-to-fry survival, and the type and amount of gravel bars which all
change from year to year. The magnitude estimate developed above does not
account for several socurces of error such as cobserver error and predation on Ery



COMBINATIONS OF GRAVEL BAR SLOPES, AND SUBSTRATE BY DOWNRAMP AMPLITUDE, AND

FIQURE 4T
MATRIX SHOWING THE AVERAGE NUMBER OF STRANDED SALMON FRY FOR 48 DIFFERENT

RAMPRATE IN ADDITION TO GRAVEL BAR REACH LOCATIONS AND LENGTHS.
SPRING 19886

DOWNRAMP AMPLITUDE

DOWNRAMP AMPLITUDE

2000 cis 4000 ¢is
DOWNRAMP ENDFLOW DOWNRAMP ENDFLOW DOWNRAMP ENDFLOW DOWNRAUP ENDFLOW wmﬁg;"f;;{:"mn
3500 cts 3000 cfs 3500 cia 3000 ofs { Uneal Fosl )
RAVEL BAR RAMPAATE { cta/hour ATE ( cla/hour BAMPRATE ( cis/hour RAMEPRAT cla/hour
G | unfTAte e o T e o] P | grea | ol | Lowen
1X) { Inches ) 1000 §000 1000 $000 1000 §000 1000 5000
U=0.917 U=1.75 U=0.03 U=8.917 U=0.633 U=2.08 U=1.33 U=3.167
<3* M=0.017 M=1.76 M=0.83 M=0.917 M=0.833 M=2.08 M=133 M=3147 700 1,200 5800
1=0.83 t=16 L=0.5 L=2.0 L=0.5 L=0.5 L=0.5 L=0.034
0-5%
U=0.677 U=0.817 U=0.5 U=0.887 uU=0.918 U=0.26 U=0.683 U=0.500
>3" M=0.077 | M=0.817 | m=05 M=0.867 | M=0018 | M=0.25 M=0.583 | M=06500 1,200 600 600
L=0.677 L=2.187 L=0.§ L=2.187 L=2.666 L=1.167 L=1,33 1=2.83
U=0.0 U=0.500 | U=0.187 U=0.0 U=0.500 U=0.0 U=0.0 U=0.334
<3" M=D.0 M=0.500 M=0.187 M=0.0 M=0.500 M=0.0 M=0.0 M=0.234 1,200 1,000 2,400
L=0.25 L=0.26 L=g.107 L=0.333 L=0.683 L0187 L=0.0 L=0.683
>5%-10%
U=0.0 U=0.333 | U=0107 U=0.0 U=0.0 U=0.334 U=0.934 U=0D.187
>3" M=0.0 M=0.333 | M=0.187 M=0.0 M=00 M=0.334 M=0.334 | M=D187 3110 1,400 2,000
L=0.133 L=0.0 L=0.287 L=0.0 L=0.0 L=0.087 L=0.400 L=0.20
U=0.0 U=0.987 | Uu=0.0 U=0.333 U=0.25 Uw0.25 U=0.0 U=0.25
<3" M=0,0 M=0.107 | m=0.0 M=0.333 | M=~0.25 M=0.26 M=0.0 M=0.25 2,000 800 2,000
L=0.222 L=0.0 L=0411 L=0.111 1=0.0 L=0.111 L=0.333 L=0.0
>10X%
U=0.0 U=0.0 U=0.0 U=0.0 u=0.a U=0.334 U=0.333 U=0.333
>3 M=D.0 M=0.0 M=D.0 M=0.0 M=0.0 M=0.334 | M=0.333 } M=0.233 1850 400 800
L=0.187 L=0.107 L=0.167 L=0.0 L=0.0 N L=0.0 L=0.187 L=0.0
|
(1). Ses Figure 34 for typlcal mathed of calculation Unper Rasch __——+—U=0.0 | AVERAGE HUMBER OF FAY STRANDED/200 FT OF
for aach Stranding Prediction scenarle, PR _-M=0.0 GRAVEL BAR FOR DIFFERENT COMBINATIONS OF
ulddle Resch—" L=0 : 8AR SLOPE, SURSTRATE, AAMPRATE, AND AMPLITUDE
|_~L=0.0 ) FLUCTUATION OF A DOWNRAMP EVENT (1.
—— |

Lower Ruch/




FIGURE 48

MATRIX PREDICTING TOTAL SALMON FRY STRANDED WITHIN
THE THREE REACH STUDY AREA FOR EIGHT DIFFERENT DOWNRAMP SCENARIOS.

SPRING 1986
DOWNRAMP AMPUTUDE DOWNRAMP AMPUTUDE
2000 cfs 4000 cf»
DOWNAAMP ENDFLOW DOWNAAMP ENDFLOW DOWNRAMP ENDFLOW DOWNRAMP ENDFLOW
A500 cis 3000 cfs 3500 cfs 3000 cfs
BRAVEL BAR PRIMARY AAMPRATE {cfa/hour) AAMPRATE (cfs/hour) AAMPAATE (ofs/hour) RAMPRATE {cts/haur)
SLOPE SUBSTAATE SIZE
(x) { inchea ) 1000 5000 1000 5000 1000 5000 1000 §000
U=3.2 U=85.1 U=29 U=31.2 U=2.9 U=T.3 U=4.7 U=111
<3" M=5.5 M=10.5 M=50 M=53.5 M=5.0 M=12§ M=8.0 M=25.3
L=24. L=43.5 L=1 4.8 L=53.0 Lw=14.5 L=1 4.5 L=1 4.5 =242
0-5%
U=4.0 U=55 U=3.0 U= 4.0 U=5.5 U=15 U=3.6 U=3.0
>3" M=2.0 M=2.0 M=15 M=2.0 M=28 M=0.3 M=18 M=1.5
L=2.0 L=65 L=1.5 1L=8.6 L=8.0 t=3.5 t=4.0 L=8.5
U=0.0 U=3.0 U=10 U=0.0 U=3.0 U=0.0 U=0.0 U=2.0
<3" M=1.25 M=1.25 M=0.8 M=1T M=29 M=0.8 M=0.0 M=29
L=0.0 L=8.0 L=2.0 L=0.0 L=0.0 1=0.0 L=0.0 L=4.0
>5X-10X
U=0.0 U=5.2 U=2.8 U=90.0 U=0.0 U=§.2 =52 U=2.8
>3* M=0,0 Me23 M=t2 M=0.0 M=0.0 M=2.3 M=2.3 M=1.2
L=21 L=0.0 L=4.2 L=0.0 L=0.0 L=1.0 L=8.2 L=3.1
U=0.0 U=1.8T U=0.0 U=33 U=2.5 U=25 U=0.0 U=2.5
<3" M=0.0 M=0.7 M=0.0 M=13 M=1.0 M=1.0 M=0.0 M=1.D
) =22 L=0.0 L=1.9 =11 L=0.0 =11 L=3.3 L=0.0
>10X
U=0.0 U=3.0 U=0.0 U=0.0 U=0.0 U=0.0 U=3.1 U=3.1
>3 M=0.0 M=0.0 M=0.0 M=0.0 M=0.0 M=0.0 M=0.7 M=0.7
L=0.7 L=0.7 \ L=0.7 L=0.0 L=D.0 L=1.4 =07 L=0.0
TOTALS 4171 95.7 \\ §59.0 1828 541 §5.4 \ 113.4 98.7
= | 5.
(0. See Figura 34 far typical mathad of Upper Resch ———U=0.0 TOTAL FRY STRANDED 55.4 }ggum%i%c::f F%l:‘"fff
calculatlan far sach Stranding | —~M=0.0 DURING DOWHRANP EVENT QRAVEL BARS IN THE STUDY
Pradictien scensile. Middla Resch /,/L=0 7 IN EACH MIVER REACH (1. AREA (COLUMN TOTAL)

pvY TEST TYPE
Lower Reach —~
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stranded on gravel bars. As such, the estimate is not intended to represent the
absolute number of fry stranded but rather a relative index of the magnitude.

5. SCAVENGING OF STRANDED FRY

Juvenile salmeon and steelhead stranded on gravel bars are freqguently
counted to get an idea of how many fry are killed by a fluctuating flow
associated with hydropower generation. One constructive criticism of this
method is that a large number of stranded (dead) fry could be picked up and
eaten by birds or mammals before a human cbserver can get an accurate count at
daylight. A small experiment was done to evaluate whether or not stranded fry
were eaten before they could be counted.

The experiment was completed in two days and was not intended to be
scrutinized with statistics or published in a scientific journal. Rather, the
experiment was intended to examine something we were curious about, and make a
first approximation as to the extent of the problem.

All the dead fry placed on the Marblemount gravel bar disappeared within
3 hours of being placed on the bar at 3:00 a.m. (Table 42). Dead fry placed on
the other five gravel bars remained untouched (Table 42). Scavenging of dead
fry was not observed directly, so it was unknown if a bird, mammal, or insects
consumed the dead fry.

This experiment showed that dead salmon and steelhead fry rapidly
disappeared from Marblemount Bar, and that bird or mammal scavenging was not
cbserved at the other gravel bars tested. Crows and robins are the most likely
scavengers since these omnivores are commonly seen on the gravel bars around
daybreak.

Marblemount Bar was the location of the greatest number of stranded fish
during the spring 1986 gravel bar stranding study, and it appeared that local
scavengers had learned to feed on the fry killed each night by the fluctuating
flows. Scavenging occurred during the first hour of daylight, or before, which
meant that scavenging at Marblemount Bar preceded human observations of stranded
fry.

This experiment suggests that scavenging of stranded fry was not a factor
with the exception of Marblemcount Bar where substantial numbers of fry were
scavenged. Experiments similar to the one described should bhe done concurrent
with any study of stranding on gravel bars or potholes, s0 as to define
quantitatively what impact the early morning scavenging may have on the actual
number of stranded fry. The experiment suggests some error results from
scavenging of stranded fry on specific gravel bars.
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NUMBER OF DEAD SALMON FRY PLACED ON
GRAVEL BARS ALONG THE SKAGIT RIVER,

AND THE NUMBER OF FRY REMAINING

DURING SUBSEQUENT CHECKS

April 10, 1986 April 11, 1986
Number of Number of Number of Number of % of Fry
Fry Placed Fry Remaining Fry Placed Fry Remaining Lost to
on Bar on Bar on Bar on Bar Scavengers
Gravel Bar Name (Time) (Time) (Time) (Time)
Oink .....cui0nnn. 10 10 10 None None 0
(0230) (0530) (0800)
Diobsud ...... .o None None None 10 10 10 0
(0230) {0530) (0730)
Marblemount ...... 10 o 0 15 ] 100
(0300) (0600) (0800) (0300) (0530)
Hooper's Slough .. 9 g 9 None None 0
(0330) (0630) (0830)
Inaccessible .... None None None 10 10 0
(0330) ({0600)
Rockport ........ 11 11 11 15 15 0
(0330} {0630) (0830) {0400) (0700)
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6. FRY RECRUITMENT IN POTHOLES

puring this study, pothole recruitment of f£ry consisted mostly of chinook
salmon (Table 43). Tests involving low beginning flows (5,000, 5,500 cfs) at
Marblemount showed a significant increase (P less than .05) in mean numbers of
fry recruited as N DAYS (the number of downramps prior to the test day with low
beginning flows) increased (Table 44 and Figure 49). The initial recruitment
level of 5.83 fry/pothole occurred during the first 24-hour pericd (N-DAY=0), in
which test potholes were connected to the main river once as a result of the
daily upramping event. During the next 24-hour period (N-DAY=1l), recruitment
increased to 12.79 fry/pothole. After three days of low beginning flows (N-
DAY=2), pothole recruitment again rose to a level of 18.57 fry/pothole.

Tests conducted using high beginning flows (7,000, 7,500 cfs) showed no
significant trends in recruitment (P greater than .05) (Table 44, Figure 49).
As N DAY (the number of downramps prior to the test day with high beginning
flows) increased, fry recruitment actually decreased. During this study, it was
apparent that potholes having silt and sand bottom substrate recruited fewer fry
then those having gravel and/or cobble substrate (Figure 50),.

Results from the pothole residency study by Troutt and Pauley (1986)
indicated fry may choose pothole areas as short-term rearing habitat, If we
assume pothole residency to be a natural part in the life history of the fry, it
follows that the fish will seek out these areas as rearing sites. Results from
this study may reflect the propensity of fry to f£ind areas of reduced velocity
for rearing purposes.

TABLE 43
SPECIES COMPOSITION OF FRY FQUND
IN POTHOLES BETWEEN MARCH 13 AND APRIL 12

ON THE SKAGIT RIVER IN 1986

Fry Number Percent of
Species Sampled Total Pry

Chinook 3,006 97.8
Steelhead 37 1.2
Pink 21 0.7
Coho 10 0.3



Number Of Fry Recruited

FIGURE 49 AVERAGE FRY RECRUITMENT IN POTHOLES VS. BEGINNING FLOW
HISTORY AT TWO LEVELS OF BEGINNING FLOW
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FIGURE 50 AVERAGE FRY RECRUIMENT IN POTHOLES WITH SAND
AND SILT VS. GRAVEL AND COBBLE SUBSRATE

13.3

slit/sand

2] sitt/sand

f
gravel/cobble
Substrate Type

N gravel/cobble



SECTION VI - PAGE 17

TABLE 44

RESULTS OF AVERAGE FRY RECRUITMENT
VERSUS TWO BEGINMNING FLOW HISTORY LEVELS

Beginning Flow Number of average Pothole
Classification(l) N-Days(2) Observations Recruitment

1 1 27 5.83

1 2 21 12.79

1 3 11 18.57

2 1 31 10.58

2 2 26 6.83

2 2 0 No Data

1 - Beginning Flow Classification at Marblemount
1l = Beginning Flow 5,000 - 5,500 cfs
2 = Beginning Flow 7,000 - 7,500 cfs

2 - N-Days is the number of downramps prior to
test date having beginning flow of 5,000-5,500 cfs.

The results of this study demonstrate that a high beginning flow “"erases"
the recruitment which had taken place prior to such an event. Presumably a
pothole is less likely to be cccupied repeatedly when deeply submerged. It
appears a high flow test flushes all the fry from a pothole and any recruitment
after such a test probably results from fry randomly entering pothole areas as
the flow level drops during the downramp. The absence of any significant trends
in recruitment with high beginning flow supports this speculation. That is,
trapping may be independent of low beginning flow history prior to a high
beginning flow test. It does appear, however, that the number of fry trapped in
potholes that repeatedly connect and disconnect with main-channel flow is
dependent on the number of successive beginning flow tests that take place in
between 5,000-5,500 cfs. This study shows that fry trapped numbers continue to
increase until the string of low beginning flows is interrupted by a high
beginning flow which starts the recruitment process over again. Furthermore,
the apparent relationship between beginning flow and recruitment {or fry
trapped) was alsoc found to agree with a separate study concerning pothole
trapping conducted during the spring of 1985. (See Figure 13.)

A variety of substrate and cover characteristics was observed among
potholes found along the Skagit River between Rockport and Bacon Creek. Sand
and silt bottom potholes without cover consistently recruited fewer fry than
other potholes (Figure 50Q). Troutt and Pauley (1986) found that chinook fry
reside longer in potholes with some degree of cover over potholes without cover.
(Note Figure 50 compares recruitment to substrate but a comparison of cover is
identical.) Since substrate size is partially a function of water velocity,
recruitment may be dependent on both hydraulic and behavioral components. The
hydraulic component regulates the likelihood of a fry moving through a pothole
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area during a high water event; the behavioral component affects the propensity
of fry to remain in the pothole area during a downramping event.

Pothole resadency appears to be a natural part in the life history of
chinogk fry on the Skagit River. The immediate recruitment observed during this
study appears to reflect the tendency for fry to utilize preferred habitat.
However, high beginning flows apparently inundate potholes and perhaps create
current velocities unsuitable for fry. Accordingly, suitability seems to relate
to other physical characteristics of the pothole site such as cover type and
streambed gradient. Moreover, as discharge fluctuations at Gorge Powerhouse
causes potholes to connect and disconnect, this study shows that fry choose to
and sometimes remain in potholes for extended time periods and, as long as
minimum flows do not dewater potholes, the threat of pothole stranding mortality
is minimal. Further detail regarding this study ¢an be found in Appendix R,



SECTION VII - PAGE 1

SECTION VII

REANALYSIS OF HISTORICAL GRAVEL BAR STRANDING DATA

1. PURPCSE

A number of gravel bar stranding studies have been conducted on the
Skagit River between 196% and 1984 by several researchers (Thompscon, 1970;
Phinney, 1973; Graybill et al., 1979; Stober et al., 1982; Crumley, 1984).
Except for the last two years of this period, downramping rate was the primary
variable examined to explain gravel bar stranding of salmon and steelhead fry.
Factors such as gravel bar slope and substrate type, flow history, amplitude
fluctuation of flow, and daylight vs. darkness downramping were usually not
examined. One objective of this study task was to develop a database with all
the past gravel bar stranding data and adding to it as much available data as
possible pertaining to other variables that were not included in the original
investigations. Once the computerized database was constructed, a reanalysis
was completed to identify any new correlations with new or old variables. The
results of the reanalysis were used, where possible, t¢ support the design of
the 1985-86 study. This was perhaps the most important purpose for the
reanalysis, as the data collected from these studies were never intended to be
analyzed together and, with the exception of one day versus night study, do not
lend themselves to a comprehensive analysis. In other words, an experimental
design could not be built around the existing data. Generally, past studies
were seriously lacking in statistical design. With the exception of the day
versus night study mentioned prevlously, these studies did not meet the minimum
gstatistical requirements with respect to replication and statistical control.

2. APPROACH AND METHODOLOGY

The basic approach to this investigation required a complete review of
all previous technical reports from 1969, the first gravel bar stranding study,
to the 1983 gravel bar stranding study. The gravel bar name and location, date,
and the number of chincok stranded/200 feet of gravel bar were compiled along
with daily testing parameters such as downramping rate. Most of the historical
stranding data were not expressed in terms of fry per 200 feet of gravel bar.
This unit of compariscn was derived from each study's data by conversion to
establish consistency. This database was then expanded by reconstructing
additional testing variables such as downramp endflow {(the river flow at the end
of a downramp), beginning f£low (the river flow at the beginning of a downramp),
downramp amplitude (c¢fs difference between the beginning and end flows), hours-
day (when the downramp was completed in relation to sunrise), and flow history
(number of hours the flow was held constant prior to a downramp). Once the
reconstructed database was completed it was then subjected to qualitative and
quantitative analysis. Perhaps the most significant analysis to be completed
was to determine if the database could be used for statistical analysis.
Because the data were never intended to be analyzed together several factors had
to be explored to determine the validity of the subsequent statistical tests.
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Special emphasis was placed on a statistical re-analysis of an experiment
conducted each March-april of 1981-83 by the Washington State Department of
Fisheries. The experiment was designed to test the effect of daylight versus
darkness downramping. Our reevaluation of the experiment involved verification
of the hydraulic parameters (did the downramp requested for each test actually
occur) used and completion of a statistical test to verify the earlier results.

3. RESULTS

A total of 126 gravel bar observations were completed by earlier
researchers between 1969-83 on the Skagit River. Table 45 contains a complete
listing of all the historical gravel bar stranding data and is supplemented by
reconstructed data. The table is sorted first by gravel bar site and second by
the average number of stranded chinook per 200 feet of gravel bar., A legend is
provided for this table that defines each "data type". Sixty-eight percent of
these observations were made at Rockport and Marblemount gravel bars. The
remaining 32% of the observations were made at six other gravel bar sites, all
within the study area.

A distribution using the number of cobservations versus chinook stranded
per 200 feet of gravel bar showed that 67% of the gravel bar tests had stranded
0-3 fry/200 feet of gravel bar (Figure 51). Ten percent (10%) of the tests
stranded more than 25 fry/200 feet of gravel bar. It appears that there are two
levels of stranding that may perhaps be influenced by some combination of
hydrologic and biclogical conditions. The "low level" stranding zone in Figure
51, which is defined as those observations where less than 15 fry/200 feet of
gravel bar were stranded, may represent a normal response to downramping. The
*high level® gtranding zone, which is where greater than 15 fry/200 feet of
gravel bar were stranded, represents a combination of factors that causes a
change in the normal response of fry to downramping.

Within the low stranding zone of Figure 51 the average stranded on all
bars was 2.5 fry/bar, while the average stranded at Rockport and Marblemount
Bars were 3.84 and 2.26 fry/bar respectively. Within the high stranding zone of
Figure 51 the average stranded on all bars was 153.6 fry and on Rockport and
Marblemount 78.1 and 207.2 respectively.

The statistical portion of the analysis started by building a study
design matrix from the 83 observations made at either Rockport or Marblemount.
This was needed to determine if the study design was balanced with respect to
each testing parameter and each level of each parameter. For valid results from
the statistical tests the resulting distribution should be balanced over the
testing parameters with adeguate replicates in each cell of the matrix.

Three levels of endflow (less than 3,000, 3,000-3,800, and greater than
3,800), two levels of downramping rate (less than 1,000 and greater than 1,000
cfg}, two levels of downramp amplitude fluctuation (less than 3,300 and greater
than 3,300 cfs), and three levels of hours-day (light vs. darkness downramping)
were used in the matrix. The hours-day variable had three different levels, the
first level was tests with downramps that happened at least one hour prior to
calculated sunrise times, the second level was tests with downramps that



Table 43

LIST OF ALL RISTORICAL BRAVEL BAR

STRANDING DATA COLLECTED ON THE SKABIT
RIVER BETMEEN 1949 - 1983

BRAVEL NUMBER OF DATE OF  MONTH  ENDING ANPLITUDE  RAMPRATE  HOURS FLON BABE

BAR STRANDED  OBSERVATION AND  FLOW RATE of Of HISTORY

NAKE CHINODK  (YR/MD/DAY/1} DAY  (CFS) DOWNRAMP  (CFS/HR) DAYLIBHT  (HRS)

FRY {CF5) (KRS)

BACON CR 1.80000 73031711 1Y) 2260 4140.00  1140,00 -2.00000  0.00000 N
BACON CR 1.0¢000 7303181 318 1040 3970.00 150,00 0,00000 12,0000 N
COUNTY LINE 37,9000 7603231 323 3370 3450.00  1630.00 7.00000  27.0000 N
COUNTY LINE 20,8000 7103011 b e 2060.00  1010.00 7.50000  1.00000 N
COUNTY LINKE 10,8000 303171 hY) 220 4140.00  1140.00 -4,00000  0.00000 N
COUNTY LINE 10. 4000 7303181 318 1040 970,00 151¢.00 -2,00000  12.0000 N
COUNTY LINE 10,0000 TT03301 130 30 240,00  1B15.00 -2.00000  13.0000 N
COUNTY LINE 4. 30000 7103101 310 2730 2060.00  1270,00 .4.50000  4.00000 N
COUNTY LINE 1.40000 8203101 310 3510 2110,00 435,000 -3.50000  5.00000 N
COUNTY LINE L. 10000 §203301 130 23N 2280.00  1140.00 -4.00000 14,0000 N
COUNTY LINE 0.80000 8203311 33 2370 2830.00  705.000 -5.00000  12.0000 N
COUNTY LINE 0. 30000 8203171 37 2370 2640,00 833,000 -4.00000  15.0000 N
COUNTY LINE 0.30000 8203121 312 370 2280.00  685.000 -4.50000  13.0000 N
COUNTY LINE 0.00000 1703184 318 3520 3090.00  800.000 4.00000  2,00000 N
COUNTY LINE 0, 00000 B204011 401 2370 1430.00  545.000 -1.73000  1.00000 N
COUNTY LINE 0.00000 7102035 203 3520 3300,00  1395.00 9.00000  5.00000 N
COUNTY LINE 0.00000 B203111 3 2310 2280,00 580,000 -5.30000  13.0000 N
COUNTY LINE 4.00000 7604271 21 2490 2160.00 390,000 -4.50000  13.0000 X
COUNTY LINE 0, 00000 1203111 I PAY] 2280,00  1140.00 -4.00000  2,00000 N
COUNTY LINE 0.00000 $20402! 102 2370 2200.00  1195.00 -5.73000  14.0000 N
COUNTY LINE 0. 08000 0203181 318 Y] 2280.00  £15.000 ~-4,00000  1.00000 N
HOOPER 51 32,0000 7003131 3 1600 5250,00  1845.00 ~3.00000  B.00000 AN
BARDLE MT 027.000 7003131 33 1600 52%6.00  1843,00 -4.00000  8.00000 AM
MARBLE HT 333.300 6903141 3¢ 1730 3620.00  1050.00 -Z.00000  14.0000 AN
MARBLE T 192,000 7003021 307 2140 1950.00  2015.00 -2.00000  4B.0000 AN
MARBLE MT 17.80¢ PACLIE i 1040 3970.00  1310.00 0.00000 12,0000 N
MARBLE MT 40,5000 7603234 k744 3160 3390.00  1600.00 8.50000  27.0000 AN
BARRLE MT 33, 3000 7702081 208 2920 4080.00  1570.00 -4.00000  1.00000 R
MARSLE HT 73,7000 $%03291 329 H10 3040,00  1395,00 -1.00000  %.00000 N
MARBLE WT 55,3000 7303671 m 22460 4140,00  1140.00 -2.00000  0.00000 N
MARBLE MV %.20000 1603174 a7 3590 1160.00  £70.000 -1.50000  1B.0000 AN

STRANGED CHINDOK

MONTH AND DAY
ENDING FLON RATE

NIPLETUDE
RAWPRATE

HOURS OF DAYLIGHT

FLON HISTORY
GABE

PARANETER DEFINITIONS:

= NUMBER OF CHINDOK FRY STRANDED ON 200 FEET OF GMAVEL BAR.
DATE OF DBSERVATION - DATE GRAVEL BAR WAS SAMPLED, FORMAT = YEAR/NONTH/DAY/1.
- A PORTION OF THE DATE OF OOSERVATION, FORMAT = MONTH/DAY.
= RIVER DISCHARGE AT THE END OF A DONNRANP EVENT.
= MMPLITUBE FLUCTUATION BETWEEN TWE FLOW AT THE BEGINNING AND THE END OF THE BOWMRANP,
- RAMPRATE CALCULATED AT THE INDICATED GAGE LOCATION.
= INDICATES WHEM DOWNRARMP ENDS [N RALATION TD SUNRISE.... MEGATIVE HOURS REPRESENT
DEFORE, POSITIVE HOURS INDICATES AFTER SUNRISE.
= NUNBER OF HOURS FLOW RATE WAS HELD CONSTANT PRICR TO A DOMNRANP EVENT.
= GAGE LOCATION USED TO DETERMINE FLOW RELATED PARMMETRS ( N = NEWHALEM, AN = ALMA CREEK,
AND N = MARBLEMOUNT ).



BRAVEL MUMBER OF DATE OF  MONTH  ENDING AMPLITUDE  RAWPRATE  HOURS FLOW GAGE

BAR STRANDED  CBSERVATION #ND  FLOW RATE 0f oF HISTORY
NAME CHINOOX  (YR/MO/DAY/1) DAY  (CFS) DOWNRAMP  (CF5/HR) DAYLIBHT (KRS}
FRY (CFS) {HRS)
MARELE HT 8.50000 6903281 128 4400 2250.00  975.000 -2.00000  5.00000 A
MARBLE AT B.10000 8003231 323 3610 2690.00 045,000 1.00000  3.00000 M
MARBLE MT 71.20000 3103261 326 3810 1990.00  B70,000 1.00000 15,0000 R
MARBLE N7 6.30000 #903301 330 3610 3390.00  1570.00 -1.00000  4.00000 M
MARBLE KT 6. 30000 7102231 3 3610 440,00  $25.000 -10.0000  0.00000 M
MARBLE NT 3.00000 Boo33o! 330 BT 2930.00  515.000 2.00000  4.00000 #
WARDBLE T 3.90000 8003311 3 330 1930,00  495.000 1.00000 14,0000 M
MARBLE NT 3.20000 7703101 3o 38b0 J090.00  1475.00 -1.50000  0,00000 M
MARBLE NT 3.10000 g204011 401 J840 J140.00  £50.000 1.25000 14,0000 N
MARBLE T 2.30000 8303271 7 3410 J040.00 720,000 0.00000 1.00000 M
MARBLE NT 2,20000 3003241 324 10 3390.00  #75.000 0,00000  9.00000 N
MARBLE NT 1. %0000 8203301 0 3610 340,00  B45.000 -1.00000  15.0000 M
MARBLE AT 1.90000 8103241 324 3370 2230,00  B45.000 1.00000 12,0000 N
MARRLE NT 1.70000 8304171 17 3610 2340.00 420,000 -3.50000  £0.0000 M
MARBLE HT 1.70000 8303261 326 3810 2340,00 915,000 -3.00000 14,0000 N
MARBLE HT 1. 40000 B203121 n2 4120 2180.00  £50.000 -1.30000  13.0000 N
WARDLE T 1.40000 820311 in7 3060 2440.00  600.000 0.00000  15.0000 M
MARBLE NT 1.40000 1203141 i 3610 2340.00  870.000  0.00000  2,00000 N
NARBLE MT 1.10000 §304181 11 060 2090.00  §70.000 -2.50000  11.0000 X
MARDLE AT 0.80000 0203181 Hs 3610 2340.00 500,000 0.00000  2,00000 N
MARBLE NT 0.80000 sio33lt 3 3850 4290.00  900.000 2.00000  39.0000 W
MARBLE NT 0.80000 0204071 407 3610 2540.00  B43.000 -2.75000 14,0000 M
WARBLE AT 0.80000 8203311 A 3810 2690.00  450.000 -2.00000  11.0000 M
MARBLE MY 0.60000 0103274 327 EXL 2230,00 440,000 0.00000  11.0000 M
WARBLE NT 0.60000 $204021 w2 3810 2340.00  913.000 -2.75000  13.0000 ®
BARDLE MT 0. 60000 0203101 o 120 2180.00  440.000 -0.30000  4.00000 M
MARDLE NT 0. 30000 $203111 i §400 1900.00  300.000 -2.30000  12.000¢ M
WARBLE NT 0.00000 B204081 W0 3610 1990.00  963.000 {.,25000 10,0000 N
MARBLE NT 0.00000 8004141 M4 M00 190,00 400,000 -0.750G0  9.05000 M
MARBLE MY 0. 00000 203131 I3 2910 I940.00  800.000 -2.00000  2.00000 AN
PARBLE T 0.00000 230320t 320 3860 2000.00  720.000 1.00000  15.0000 N
MARBLE MY 0.00000 704221 422 3%%0 3140,00  1075.00 -2.00000  J3.00000 AW
MARMLE WT . 00000 8303198 e I80 42%0.00  870.000 -3.00000  7,00000 N
H

MARBLE RT 0.00000 81324 3 3810 1990.00  5%0.000 0.0000¢  0.00000
PARANETER DEFINITIONS:

STRANDED CHINDOX - MUMBER OF CHINODK FRY STRANDED ON 200 FEET OF SRAVEL BAR.
DATE OF DBSERVATION - DATE GRAVEL BAR WAS SANPLED, FORMAT = YEAR/MONTH/DAY/1.

MONTH AND DAY - & PORTION OF THE DATE OF OBSERVATION, FDRMAT = MONTH/DAY.

ENDING FLON RATE - RIVER DISCHARGE AT THE END OF A DOMNRANP EVENT.

NIPLITURE = ANPLITUDE FLUCTUATION BETWEEN THE FLGN AT THE UEGINNING AND THE END OF THE DOMNRAMP.
RANPRATE - RANPRATE CALCULATED AT THE INBICATED SAGE LOCATION.

HOURE OF DAYLIGHT - INDICATES WHEN DONNRAMP ENDS IN RALATION 70 SUNRISE.... NEGATIVE HOURS REPRESENT
DEFORE, POSITIVE HOURS INDICATES AFTER SUMRISE.

FLOW HISTORY = NUMBER OF HOURS FLOW RATE WAS HELD CONSTANT PRIOR TO A DOWNRAMP EVENT.

GAGE = GAGE LOCATION USED TO DETERMINE FLOW RELATED PARANETRS ( K = NENHALEM, AR » ALMA CREEX,
AND 1 = MARBLEMOUNT ).



GRAYEL WUNSER OF DATE OF  MONTH  ENDING AMPLITUDE  RAMPRATE  HOURS FLOW BABE

e STRANDED  DBSERVATION AND  FLON RATE oF OF KISTORY
NARE CHINDOK  (YR/MO/DAY/1) DAY  (CFS} DOMNRAMP  {CFS/HR} DAYLIBHT  (HRS)
FRY (CFS) (HRS]
BARBLE NT 0.00000 BO04134 43 Jal0 1990.00  270.000 -0.73000 10,0000 M
FARBLE MT 0.00000 7003121 2 2730 4100.00  1220,00 -2.00000  2.00000 AM
ROCKPORT 142.000 7303181 38 1040 W70.00  1510.00 3.00000 12,0000 N
ROCKPORT 49, 6000 7303171 17 2260 414000 114000  1.00000  0.00000 N
ROCKPORT 42,5000 To03131 33 1600 3250.00  1845.00 -1.00000  §.00000 AN
ROCKPORT 13.2000 g103241 324 3370 236,00 843,000  4,00000 12,0000 M
ROCKPORT 14.0000 6903141 MU 1730 3620.00  1050,00 1.00000 14,0000 AN
ROCKPORT 13. 3000 8303271 327 3610 3040.00 720,000 3.00000  1.00000 M
ROCKPORT 11.%600 1203181 Jie 3610 2340.00 500,000 3.00000  2.00000 M
ROCKPORT 10, 4000 B204081 408 3610 1990.00  %65.000 4.23000  1B.0000 M
ROCKPORT 10,0000 st 2 L 50.00  1225.00 4.00000  17.0000 M
ROCKPORT 0. 10000 BL03261 326 Jb10 1990.00  §70.000 4.00000 15,0000 M
ROCKPORT 7.30000 8203301 330 3610 2340.00  B43.000  2.00000 15,0000 N
ROCKPORT 7. 10000 8303201 320 3850 2090.00 720,000 4.00000 15,0000 M
ROCKPORT 4.20000 8201111 314 3610 2340,00  B70.000 3.00000  2,00000 M
ROCKPORT 3. 00000 $203171 M7 3880 2440.00 400,000 3.00000  15.0000 M
ROCKPORT 4.20000 8103231 32 hio 1990.00 590,000 3.00000  £.00000 M
RCCKPORT 4.00000 8203313 33 J610 2090.00 430,000 1,00000  £1,0000 M
ROCKPORT 3.70000 8003241 3 3610 3396.00  473.000 3.00000  9.00000 M
MICKPORT 3.50000 8003231 m 3410 2490.00  B45.000 4.00000  3.00000 M
ROCKPORT 2.70000 6703131 33 2910 3940.00  800.000 [.00000  2,00000 AN
ROCKPORT 2.30000 gro3271 32 3370 2230.00  440.000  3.00000 11,0000 W
ROCKPORT 2.10000 1203101 310 4120 2180.00  440.000 2.50000  4.00000 M
ROCKPERT 1.90000 2003311 3 3370 1930.00  $95.000 4.00000 14,0000 N
ROCKPORT 1.36000 103N e 3850 4290.00 870,000 0.00000  7,00000 N
ROCKPORT 1.30000 0204071 407 3610 2340.00 845,000 0.25000 14,0000 A
ROCKFORT 1.00000 8103341 31 380 4290.00  900.000 5.00000  38.0000 M
ROCKPORT 0.80000 8304171 417 310 2340.00 420,000 -0.30000  B0.0000 N
ROCKPORT 0.80000 8204011 W1 3840 3140.00  #30.000 4.25000  14.0000 M
ROCKPORT 0.80000 go04141 M 4400 1900.00 400,000 2.25000  9.05000 M
ACCKPORT ¢.80000 820312} 312 Hx 2180.00  450.000 1.30000 13,0000 M
ROCKPGRT 0.60000 2003301 330 3370 2930.00 515,000 5.00000  4,00000 W
ROCKPORT 0. 60000 §004131 413 3510 1996.00 270,000 2.23000  10.0000 N
ROCKPORT 0. 60000 304101 418 3840 2090.00  870.000 0.50000 11,0000 M
PARAMETER DEFINITIONS:
STRANDED CHINODK - NUMBER OF CHINOOX FRY STRANDED ON 200 FEET OF GRAVEL BAR.
DATE DF OBSERVATION - DATE SRAVEL BAR NAS SANPLED, FORWAT = YEAR/MONTH/DAY/I.
MONTH AND DAY ~ A PORTION OF THE DATE OF DBSERVATION, FORNAT = MONTH/DAY.
ENDING FLOW RATE - RIVER DISCHARGE AT THE EXD OF A DOWNRAM® EVENT.
ARPLITUDE - AMPLITUDE FLUCTUATICN BETWEEN THE FLOW AT THE BESINNING AND THE END OF THE DONWNRANP.
RANPRATE = RANPRATE CALCULATED AT THE iNDICATED SAGE LOCATIDN.
HOURS OF DAYLIGRT - INDICATES WHEN DOMMRAMP ENDS IN RALATION TO SUMRISE,... NEGATIVE HOURS REPRESENT
DEFORE, POSITIVE HOURS INDICATES AFTER SUNRISE. '
FLON HISTORY = NUMBER OF HOURS FLOW RATE WAS HELD CONSTAMT PRIOR TO A DOMNRAMP EVENT.
GABE = GAEE LOCATION USED TD DETERMINE FLOW RELATED PARAMETRS { N = NEWHALEM, AN = ALMA CREEK,

AND B = NARBLEMOUNT ).



BRAVEL NUM3ER OF DATE OF  XONTH ENDING AMPLITUDE  RAMPRATE  HOURS FLOW BAGE

BAR STRAMDED  ODSERVATION AND  FLOW RATE oF oF HISTORY
NAKE CHINDOK  (YR/MO/DAY/1) DAY  (CFSI DOWNRANP  (CFS/HR) DAYLIGHT  (HRS)
FRY (CFS) {HRS)
ROCKPORT 0. 40000 8303251 326 3610 230,00 913,000 0,00000 14,0000 N
ROCKPORT 0. 20000 B204021 402 3610 234000  915.000 0,25000  13.0000 A
ROCKPORT 0.040000 690321 329 3610 ,J040,00  1395.00  2.00000  %.00000 N
ROCKPORT 0.00000 1703491 319 3840 J490,00  10%0.00 3.00000  1.05000 M
ROCKPORT 0.00000 8203111 M 4400 1900,00 500,000 90.50000 12,0000 A
ROCXPORT 0.00000 7003071 307 2140 420,00  2015.00 1,00000 48,0000 AM
ROCKPORT 0.00000 §203501 330 3610 3390.00  (570.00 2.00000  9.00000 N
ROCKPORT 0.00000 7602051 200 3 2640.00  513.000 -1.00000  §6.0000 N
ROCKPORT 0.00000 #703201 328 4400 2250.00  ¥75.000 1.00000  3.00000 M
SUTTER CR 1.00000 7303181 38 1040 J970.00  1510.00  3.00000  12.0000 N
SUTTER CR 0.70000 7303171 317 2260 4140.00  1140.00 1.00000  0.00000 N
THORTON CR 1,40000 0203104 310 2370 2110,00  435.000 -2.50000  5.00000 X
THORTON CR 1.10000 1203301 30 231 280,00  1140,00 -~3.00000  14.0000 N
THOATON CR 0.80000 $203314 43| 2310 2830.00 705,000 -4,00000  12.0000 N
THORTON CA 0. 80000 810321 321 260 2220,00 450,000 -2,00000 13.0000 N
THORTON (R 0. 60000 $103241 32 240 23%0.00  1080.00 -1.00000  13.0000 N
THORTON CR 0.30000 §203171 M7 370 2040.00 833,000 -3.00000  15.0000 N
THORTON CR 0.30000 01032ht 326 2310 2280.00 970,000 ~-1,00000  14.0000 N
THORTON (R 0.30000 1203121 32 31 280,00  $65.000 -3,30000  13.0000 X
THCATON CR 0.30000 8103231 35 ol 23%0.00 O75.000 -2.00000  7.00000 N
THORTOX CR 0.00000 s203111 m Al 2280,00  9B0.000 -4,50000  13.0000 N
THCRTOM CR 0.00000 $103311 33 260 4560.00  1183.00 0.00000  39.0000 N
THORTON CA 0.00000 1220310 s 23 2280.00  013.000 -3.00000  1.00000 N
THORTON £ 0.00000 1203101 3 un 228000 1140.00 -J.00000  2.00000 N
THORTON CR 0.00G00 §204021 402 200 2280.00  1193.00 -4.75000 14,0000 X
THORTON CR 0.00000 1204011 401 2310 1430.00  S45.000 -0.75000  1.00000 N
BASHINSTON ED 0. 00000 7003071 307 2140 £960.00  2015.00 -2.00000  48.0000 AM

PARANETER DEFINITIONS:

STRANDED CHINGOK - NUMBER OF CHINOOX FRY STRANDED ON 200 FEET OF GHAVEL BAR.
DATE OF ODSERVATION - DATE GRAVEL BAR WAS SAMPLED, FORNAT = YEAR/NONTH/DAY/I.

MONTH AND DAY =~ A PORTION OF THE DATE OF OBSERVATION, FORMAT = MONTH/DAY.

ENDING FLOW RATE - RIVER DISCHARSE AT TKE END OF A DOWNRANP EVENT.

AMLITUDE = MPLITUDE FLUCTUATION BETWEEN THE FLOM AT THE BESINMING AND THE END OF THE DONRANP.
RANPRATE = RANPRATE CALCULATED AT THE INDICATED GABE LOCATIOM.

HOURS OF DAYLIGHT - IMDICATES WHEM DOMKRANP ENDS IM RALATION TD SUNRISE.... NEGATIVE HOURS REPRESENT
BEFORE, POSITIVE HOURS INDICATES AFTER SUNRISE.

FLOW HISTORY = WUMBER OF HOURS FLOW RATE WAS HELD CONSTANT PRIOK TO A DOMMRAMP EVENT.

SAGE - GAGE LOCATION USED TD DETERMINE FLOM RELATED PARAMETRS ( N = NEWHALEW, AN  ALMA CREEK,
AND M = MARBLENOUNT ).

note: Washington Ed is wquivalent to Eagle Bar



Number of Observations

FIGURE 51

CHINOOK FRY GRAVEL BAR STRANDING FREQUENCIES
FROM SKAGIT RIVER STUDIES, 1969-83
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happened within one hour of sunrise and the third level having downramps that
happened at least one hour or more after sunrise. Finally, only Rockport and
Marblemount gravel bar data were used in the study design matrix to reduce
gravel bar site variability.

This matrix, which contdins 36 cell combinations, had only two cells
within which both Rockport and Marblemount had more than one replicate (Table
46). Thirteen of the cells had no cbservations at either gravel bar site.
Reduced study design combinations typically resulted in an unbalanced design and
a lack of observations (replicates). The cnly exception to this was a pair-wise
test of the effect of daylight versus darkness downramping which is discussed
below.

Because of the clear deficiencies in the study design matrix the effects
of endflow, ramping rate, amplitude, and gravel bar cannot be determined
statistically. It should be pointed out that statistical tests such as Mann-
Whitney, and ANOVA's were attempted but were not successful for the same reasons
discussed abaove. Although this database did not meet the requirements of rigid
statistical testing it did provide R. W. Beck and Associates with valuable
insight that was used to build a strong study design for our work. It should
also be pointed cut the failure of this database was no fault of the past
researchers since the data were never intended to be used in combination.

Ten pairs of day versus night tests were conducted during March and April
of 1981-83 at Marblemount and Rockport gravel bars on the Skagit River. Each
pair of tests consisted of a daylight and darkness downramping event. All
testing variables such as downramping amplitude, endflow, and ramping rates were
held relatively constant. Each pair of tests was c¢onducted on successive dates
80 as to minimize any time related influence on fry stranding numbers. In
addition, the first two test pairs had the daylight downramp first followed by
the darkness downramp the next day. The final three test pairs reversed the
order with darkness followed by daylight. These experimental design consider-
ations were used to test for any difference between fry stranding resulting from
daylight versus darkness downramping, which was used as the dependent variable
in the experimental design.

Table 47 shows the test parameters and results of the day versus night
downramping tests conducted between 1981-83 on the Skagit River at Marblemount
and Rockport Bars.

The results of a Wilcoxon Signed-Ranks Test on daylight versus darkness
fry stranding are shown in Table 48. Among the nine varied observations the
daylight stranding was always greater resulting in a P-value less than 0.01
leading to the conclusion that chinook fry are more likely to become stranded
during daylight downramping.

The results of this work appear to indicate that more stranding occurs
with daylight downramping. Pair-wise comparison of the data in Table 47 from
each of the two gravel bar sites shows that Marblemount daylight stranding was
on the average eight times higher tham for darkness downramping. These daylight
stranding values at Marblemount ranged from 1.4 to 12.6 times the number of fry
stranded during each pair's associated darkness downramp. Rockport results were



TABLE 46

MATRIX SHOWING THE DISTRIBUTION OF GRAVEL BAR STRANDING TEST

OBSERVATIONS AT MARBLEMOUNT AND ROCKPORT BARS
FOR SEVERAL LEVELS OF FOQUR TESTIMG VARIABLES

BETWEEN 1969 AMD 1983 BY VARICUS RESEARCHERS

HOURAS/DAY HOURS/DAY HOURS/DAY
PREDAWN DAWN DAYLIGHT
AMP AMP AMP AMP AMP AMP
<3000 3000 <3000 >3000 <3000 >3000
HJ;'«:%%AJE M=0 M-0 M- M=1 M-0 M=Q
R-0 R-1 R-0 R-0 R-0 R-0
ENDFLOW
<3000
RAMPRATE M-0 M=-1 M=0 M-3 M-0 M=0
>1000 R-0 R-6 R-0 R-0 R-0 R-0
RAMPRATE M=-0 M=0 M—5 M=0 M=-13 M=1
<1000 R-6 R-1 R—-11 R~1 R-1 R-0
ENDFLOW
(3000, 3800)
RAMPRATE M=0 M=1 M=0 M=0 M-1 M=1
>1000 R-0 R=-1 A=1 R-1 R-0Q R-0
RAMPRATE M=1 M=-0 M-3 M=1 M-8 M=1
<1000 R-4 R-0 R-3 R-0 R-1 R-1
ENDFLOW
>3800
RAMPRATE M-0 M-~0 M-0 M-0 M=0 M=-2
>1000 R—1 R-1 R-0 R-0 R-0 R-1

M = MARBLEMOUNT

R = ROCKPORT
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very similar; the average stranding factor was 7.2 times higher and the
individual pair comparisons ranged from 3.2 to 14.5 times higher than the number
stranded during darkness downramp. Rockport results were very similar; the
average stranding factor was 7.2 times higher and the individual pair
comparisons ranged from 3.2 to 14.5 times higher than the number stranded during
darkness downramp.

TABLE 47

TESTING PARAMETER AND RESULT SUMMARY TABLE
FOR DAY VERSUS NIGHT DOWNRAMPING TESTS
CONDUCTED BY WASHINGTON STATE DEPARTMENT QF FISHERIES
(WOODIN, 1984) DURING MARCH-APRIL OF 1981-83
ON THE SEAGIT RIVER AT MARBLEMOUNT AND
ROCKPORT BARS

Downramp Parameters

Measured at Marblemount Fry Stranded
Tast Ramping Time
Date Amplitude Endflow Rate {Day/Night) Marblemount Rockport
(cfs) (cfs) {cfs/hour)

3/26/81 1990 3,610 870 Day 26 49
3/27/81 2230 3,370 440 Night 2 15
4/1/82 3,140 3,880 650 Day 11 62
4/2/82 2,340 3,610 915 Night 2 9
4/7/82 2,340 3,610 845 Night 3 15
4/8/82 1,990 3,610 965 Day 38 98
3/19/83 4,290 3,860 870 Night -- 7
3/20/83 2,090 3,860 720 Day 26 36
1/26/83 2,340 3,610 915 Night 7 9

3/27/83 3,040 3,610 729 Day 10 131
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TABLE 48

RESULTS OF A WILCOXON SIGNED-RANKS TEST
USIRG NINE PAIRED DAY VERSUS NIGHT
FRY STRANDING OBSERVATIONS

Mean
Dependent Fry 5.D. T Signed Ranks Z
Varjables Observations Stranded Diff. {P-Val) + - Tie (P-Val)
NIGHT 7.6867 N 0 9 0
9 37.743 .46 Mean 2.67

DAY 51.222 (.0086) Rank 0.000 5.000 (.0077)
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SECTION VIII

DISCUSSION

1. GENERAL

The primary goal of this discussion is to review what has been learned
and what is known about pothole trapping and stranding and gravel bar stranding
of salmonid fry on the Skagit River. This review and discussion shall deal with
each of the three areas of study separately: pothole trapping and stranding,
gravel bar stranding of salmon fry, and gravel bar stranding of steelhead fry.

2. POTHOLE TRAPPING AND STRANDING

a. Pothole Mechanism

The phenomenon of pothole fry trapping and stranding has been defined as
two very distinet processes. The first process is when fry become trapped in
potholes. For trapping to occur the fry must not only be present in or near
pothole habitat but the river stage must be lowered for connected potholes to
trap fry by becoming disconnected from the main-channel flow. Hours of
observation and the results of electroshocking seemed to indicate that most
newly emerged fry species when present in main-channel habitat are found near
waters-edge in the shallower, slower velocity habitat. The waters-edge habitat
moves dynamically on a daily basis as controlled by weather and operation of the
powerhouse at Newhalem. Fry are constantly subjected to stage changes that
force them to move with the waterline if they wish to remain in waters-edge
habitat. On many occasions fry were observed moving into and out of potholes
that were located at waters-edge where velocities were near zero and water
depths varied. On several occasions a school of fry were chased out of the
pothole into the main channel only to watch them move back into the pothole
within a few minutes. These observations of salmon fry supports the idea that
fry may seek out pothole habitat when it is available along the waters-edge
habitat. Troutt's results also showed that chinoccok fry do remain in specific
potholes for longer than a complete upramp to upramp cycle. If potholes are
preferred by salmon fry, what kinds of hydraulic factors play a role in fry
becoming trapped in potholes? Prior to a specified downramping event, three
types of potholes can be identified: (1) potholes that begin the downramp event
disconnected from the main river channel f£low, (2) potholes that are connected
to the main river channel flow by only a few inches of water, and (3) potholes
that are submerged by a large amount of main-channel flow. Each of these
pothole types presents itself to fry differently during a downramping event.

The first pothole type remains disconnected from the main-channel flow through-
out the entire downramping event. These potholes 8¢ not affect free-swimming
fry since there is no opportunity for them to become trapped since these
potholes were never connected to the river. However, these potholes may contain
trapped fry from an earlier downramping event that started at a higher beginning
flow. These fry were not trapped as a result of the downramp scenario described
in the above example,
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The second type of pothole mentioned above are those that begin the
downramping event connected and very near waters-edge. These potholes provide
fry with the maximum time to find and occupy them since they are near waters--
edge in slower velocity areas. Some of these potholes remain hydrologically
unchanged (maintain stable flow and depth characteristics) for many hours before
a downramp takes place. Fof this reason fry have ample opportunity to find and
occupy a pothole because the recruitment time is so long compared to other
pothole types. Once fry have moved 1nto these potholes a downramp is all that
ig required to trap them. Many of these fry move into potholes as the waterline
moves up the gravel bar from the previous upramp and may remain in the pothole
for a number of hours before a downramp occurs. These fry have very little time
or warning about a downramp, unlike fry that might try to locate potholes while
a downramp is occurring.

The third pothole type, those submerged by a substantial amount of water,
begin the downramp away from the waters-edge, perhaps cut of habitat preferred
by fry. During the downramping event, these potholes may remain connected to
the flow in the main channel or will disconnect. Potholes that remain connected
do not effect fry adversely since the fry never become trapped and subsequently
cannot become stranded. Depending on the speed of stage change, potholes that
do become disconnected provide preferred habitat for fry for a short time as the
waterline continues on past the pothole's position on the gravel bar. It is
during this time that fry may locate a pothole and elect to remain there as the
waterline continues to recede. Once the pothole becomes disconnected from main-
channel flow the trapping process is complete.

The second process in this mechanism is stranding of fry in potholes.
Fry stranding typically occurs when a disconnected pothole drains until dry.
Most stranding cobserved cccurred in potholes that were essentially dewatered.
Each pothole has a dry flow asscciated with it which roughly determines when
that pothole will go dry. When main~channel flow approaches this dry flow it is
very likely that any fry trapped in the pcthole will become stranded. Once the
pothole has gone dry there is presumed to be no avenue of escape for trapped fry
other than to move down into the gravel, which would be difficult with some
substrate types and unlikely.

b. Factors Affecting Fry Trapping And Stranding

The most significant factor affecting fry trapping in any given pothole
is the beginning flow of a downramp event. The beginning flow determines the
dapth of water over a pothole while simultaneously determining the pothole's
distance from waters—-edge. Typically the higher the beginning flow, the further
from waters-edge the pothole is located.

Fry, especially newly emerged, prefer slow velocity, shallow habitat that
is most prevalent along waters-edge, If a pothole is covered by two feet of
water, it 1s unlikely to be located at waters-edge and probably does not offer
the type of habitat preferred by fry. Therefore, when a large number of
potholes with a history of trapping fry are located at and remain near waters-
edge, the probability of trapping large numbers of fry is much greater than when
these same potholes remain disconnected or alternatively are covered by a
substantial amount of water. In the later case fry moving across the gravel bar
with waters-edge during a typical downramp have only a short time to first
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locate and second occupy a pothole as it develops on the receding waters-edge
habjitat. On the other hand, if a large number of potholes are located at
waters-edge prior to a downramp, fry have more and longer opportunities to
encounter and occupy this habitat before the downramp begins. The relationship
between pothole overflow and beginning flow provides the strongest and most
understandable explanation qf the trapping mechanism. It is important to
understand that the critical beginning flows (4,500 to 5,500 c¢fs) in Figure 13
also coincide with most of the connection flows for potholes with a history of
trapping and stranding fry as shown in Figure 7. When downramp beginning flows
are between 4,500 and 5,500 cfs the highest numbers of potholes are found at
waters edge offering fry many opportunities to occupy potholes. HNot only are
many more potholes available for fry occupation at this range of beginning flows
but they are available for longer pericds of time than potholes that are
submerged at the start of a downramp, Prior to a downramp the water level may
not change for hours at a time. A pothole at waters-edge will have a much
longer time to recruit fry than a pothole that begins a downramp event sub-
merged. The submerged pothole will be available for recruitment for only a
short while depending on how fast the waterline recedes, which is controlled by
the downramping rate.

Another important factor that is associated with beginning flow and fry
trapping is the beginning flow history (see Appendix A). If downramp beginning
flows in the 4,500 to 5,500 cfs range are repeated in series, the number of fry
trapped in potholes increases after each successive downramp (See Figure 48).

If the same process is repeated followed by a downramp with higher level of flow
{e.g., 7,000~-7,500 cfs), the fry trapped in potholes is unpredictable and
generally remains moderately low. A logical explanation for this, and one that
follows the previous discussion, is that high beginning flows create
unacceptable pothole rearing conditions so fry move out of potholes s0 that they
can remain in or near waters-edge habitat. Conversely, low beginning flows
encourage fry to seek ocut pothole habitat since these beginning flows coincide
with a large number of pothole connection flows. When low beginning flows are
repeated, fry numbers increase as fry already present take up residence between
downramps and other fry become newly recruited. This process is more than
likely interrupted by a high downramp beginning flow which flushes fry from
potholes, starting the process over again.

Troutt's study of fry residency times in potholes introduces several
interesting factors that affect fry trapping in potholes. Troutt's results
¢learly indicate that some fry will remain in potholes between downramps, or
return to the pothole after leaving hetween downramps. The study data could not
be used to determine if fry remain in the pothole or move back and Eorth between
downramps. The study did, however, demonstrate that some fry will remain in or
return to potholes after becoming trapped the first time. Thus for a series of
downramp events some fry become trapped for the first time while others are
trapped repeatedly.

Hig data indicate that pothole cover and substrate complexity parameters
also influence the residency time of fry found in potholes. Potholes with cover
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and larger more complex substrate extended the residency times of certain fry
species.

Ladley's (1986) study of fry recruitment intoc empty potholes, simulating
potholes that have gone dry, also revealed some interesting results especially
regarding beginning flow history patterns. The study initially set out to
determine how long (pothole connect/disconnect cycles) it would take for fry to
recruit into empty potholes once fry had been removed from them. The study also
attempted to determine what factors might influence the rate or magnitude of fry
recruitment.

The results of Ladley's data analysis indicates that fry recruitment
occurs during the first downramp following a connection flow. This result was
not surprising given the relative mobility of most fry species. After the first
connection £low the only apparent pattern to fry recruitment occurs when low
range (4,500 - 5,500 c¢fs) beginning flows are repeated. When this condition
takes place, fry recruitment increase after each downramp until a higher range
beginning £low interupts the pattern.

The dryflow of a pothcle is the major factor influencing stranding. Once
a fry is trapped inside a pothole, stranding is determined by the endflow of the
downramp event. If the endflow falls below the dry flow of pothole it will
likely go dry, stranding the fry within it. This is a very simplistic descrip-
tion of a complex process since the effect of a given down ramp endflow is
influenced by a number of other factors that are well beyond the scope and
understanding of this study. Some of these factors are tributary inflow, bank
storage, and how long the endflow is maintained.

In most circumstances, however, a pothole will go dry or ¢lose to dry
when the endflow falls below the dry flow of a pothole. Marblemount flows were
used as a standard for measuring connection and dry flows in the study area.
There are also a few potholes that have two pools within them, each with a
different elevation so that one pocl may go dry while the other retains water.
Fry in the dewatered half will strand while fry in the other half will remain
trapped.

Trapped fry can fall victim to other factors such as predation and
elevated water temperatures. Predation by birds or small mammals is a form of
pothole mortality that occurs on both controlled and uncontrolled streams
possessing potholes. While certainly a cause of some mortality, it is felt to
be minor in terms of contribution to total pothole mortality. Elevated pothole
water temperature is another possible source of pothole mortality. Water
temperatures in potholes may reach harmful levels if prolonged exposure occurs
when air temperatures are high. This factor was monitored during the spring
1985 pothole trapping and stranding study. Trapped fry were never observed in
a destressed state, or dead as a result of elevated water temperatures.



SECTION VIII - PAGE 5

¢. Magnitude of Pothole Trapping And Stranding

Our studies produced quantitative data for the spring months on pothole
trapping and stranding of salmon fry in the Skagit River between Copper Creek
(River Mile 84,0) and Rockport (River Mile 67.5)., These data represent the
number of fry stranded 1n the 232 pothcles located in this stream reach and
within the range of cbserved operaticnal flows (3,000 - 6,000 ¢fs). These
results are affected by the size of the fry population and the population of
potholes present in the spring of 1985, The data do not account for potholes
located between Copper Creek and Newhalem. Earlier pothole reconnaissance
surveys by Jones and Stokes, Inc. in Movember of 1984 found &7 high-flow
potholes (Gorge Release = 7,000 cfs) but did not conduct surveys at lower
release flows for low to mid-flow potholes. Without question there are potholes
in the upper reach that would contribute stranded fry to the total number of fry
stranded for the gpring vulnerability period. With this exception, the number
of trapped and stranded fry predicted for each of six flow scenarios is
complete. Several other things should be kept in perspective when using the
matrix. First, the matrix was constructed from data collected primarily from
the spring of 1985. Adult escapement from the previous fall and egg-to-fry
survival was assumed to be average rather than high or low. PFry composition and
abundance were probably very typical for a non-pink return year. The implica-
tions are that the matrix predictions represent an average fry abundance and
would have to be adjusted accordingly for a low or high abundance year. A
second consideration is that the predictive matrix 1s from a set of potholes
that is temporally dynamic. Potholes are constantly changing in location, size,
and physical make-up especially during highwater events, For example several
potholes that stranded fry during the spring 1985 study were no longer present
by the focllowing spring. Others had changed with respect to size, depth,
substrate, or cover availability. The predictive matrix accurately predicts fry
stranding with a given flow type during 1985, but should not be used without
adjustments for other years unless certain assumptions are accepted. For
example, it may be theorized that for every 1985 pothole that disappears anather
is formed to take its place in the matrix. Perhaps in five years time the 226
potholes represented in the matrix may have all been replaced but the magnitude
of the nuaber of fry trapped and stranded may not have changed dramatically
given an average fry abundance year and that operational trends have not changed
significantly., The matrix does not account for two other possible sources of
error; observer error during the field study and predation on fry trapped or
stranded in potholes. With this in mind it is possible to determine and
understand within some limits of precision the magnitude of the pothole
stranding problem for the spring season. Quantitative pothole trapping and
stranding data was not collected during the July-September field season sc the
magnitude of the pothole stranding problem could not be determined. Some
observations were made of trapped and stranded fry in potholes (see Pothole
Residence Study Appendix E).

To determine the magnitude of the pothole stranding problem it was
necessary to sum the number of fry stranded for each day of operation during the
120-day period of vulnerability. Since the matrix could conly provide estimates
for six different flow patterns it could not be used in the above application
since Gorge Powerhouse releases vary daily. The approach used involved taking
the highest level of stranding identified by the matrix (76.5 stranded)
multiplied by 120 days which is the period of vulnerability, to arrive at a
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number representing the relative magnitude of fry stranding in potholes for the
spring time period between Copper Creek and Rockport. Within the limits of the
study, this index would tend to over-estimate stranding because it uses a high-
gide approximation approach which conservatively assumes that fry abundance
remains constant throughout the vulnerable period which 1t does not and that
daily Gorge Powerhouse operations create the same large amplitude fluctuation
for 120 consecutive days which does not occur. This approach estimates that a
total of 9,180 salmon fry would be stranded during a typical spring vulner-
ability pericd, Nearly all of these fry were presumed to be chinook fry. The
species composition of fry found in potholes during the spring months was almost
exclusively chinook. Ninety-eight percent of the 3,006 fry sampled during
Ladley's study were chinook. (See Table 43.) Ninety-four percent of the 304 fry
sampled in potholes during the spring, 1986 fry gravel bar stranding tests were
also chinook. (See Table 26.)

3. GRAVEL BAR STRANDING

a. Gravel Bar Stranding Mechanism .

When the river is uypramped the waters-edge moves up the gravel bar, and
it is presumed the fry move with 1t to remain in preferred habitat., This
upramping process in itself does not create any problems for the fry since they
can follow the waterline as it moves. If for some reason an individual fry
decides not to follow the progress of the waterline, at worst 1t finds 1tself in
habitat that is both deeper and faster which may exhaust it but certainly does
not normally Create a lethal situation since it can move to waters-edge at any
time. On the other hand a downramping event can lead to fry stranding due to a
fry's inability to adjust to a change in the waters-edge. The waters-edge
habitat moves at different speeds depending on the gravel bar slope, the ramp
rate, and the total amplitude fluctuation of a downramping event. The faster
the ramp rate the quicker the waters-edge moves and the larger the amplitude
fluctuation the farther a fry must move to avoid stranding. On any particular
gravel bar there are many more fry at risk than become stranded. Only a very
small percentage of those fry present actually end up stranded during any
particular downramping event. That is to say that most of the time the
“average" fry makes the right decisions to avoid gravel bar stranding and that
it is the odd fry that becomes stranded because it employs a different be-
havioral response (makes a wrong decision) to a downramp event. Qur results
also indicate that fry stranding is not a contagious behavior since most of the
fry stranded did not strand in groups but were distributed in a random fashion
on most bars.

b. Summer/Fall Gravel Bar Stranding

(1) Species Vulnerability

During the summer months of July through Qctober there are only two

6
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species of fry present in significant numbers within the project study area.
Steelhead fry appear to be the most abundant and were found inhabiting all
types of habitat available to them for rearing purposes. On the other hand
coho, while abundant, were found almost entirely in back-channel and pothole
habitat and only very rarely in main-channel gravel bar stranding habitat. The
results of aelectroshocking in main-channel habitat support this finding with
nearly 98% of the fry captured in this habitat being steelhead fry. (See Table
12.)

Not only did coho not inhabit gravel bar stranding habitat they also
represented less than 1% of the total number of fry stranded during the study.
(See Table 12.) Coho when present in gravel bar stranding habitat appear to be
relatively invulnerable to gravel bar stranding as suggested by the difference
between their percent contribution to the species composition {2.6%) and
stranding (0.8%).

Steelhead fry on the other hand dominated habitat along gravel bars that
are typically dewatered during downramping events. They also represented more
than 99% of fry stranded on gravel bars during the summer-fall period. It is
clear from these data that steelhead fry are stranded in much higher numbers
than coho. The data suggest that because steelhead fry occupy main-channel
riffle habitat, which commonly covers many of the gravel bar areas studied, they
become susceptible to gravel bar stranding. Conversely, coho fry do not use
main-channel habitat and as a result are more infrequently affected by gravel
bar stranding then steelhead fry.

(2) Size Of Vulnerability

Steelhead fry gravel bar stranding is size dependent. A comparison of
steelhead fry size, frequency distribution of fry sampled from the general
population present in gravel bar habitat vs. fry stranded revealed that smaller
lengths (i.e., fry that have just emerged from the gravel - approximately 3.0 to
3.5 centimeters) were much more frequent among stranded fry. By the time fry
reach a total length of 4.5 centimeters in total length, their apparent vulner-
ability is noticeably reduced. Beyond this length, stranding is probably a rare
event as evidenced by the small number of steelhead juveniles that were observed
stranded on gravel bars the following spring. (See Section VI.)

() Time Of Vulnerability

It appears that fry of the most vulnerable size are present from July 1
to September 30. Before this time most of the fry are still beneath the gravel
Oor are not easily visible along the waters-edge, back-channels or potholes as
evidenced by the surveys completed prior to the first gravel bar stranding test.
After this time period most of the steelhead fry have exceeded the most
vulnerable size. It seems apparent that after this peak vulnerability period
few fish are stranded.

(4) Physical And Hydrologic Pactors

As would be expected the sensitivity to flow fluctuations were more
accentuated higher upstream and for less steep gravel bars. Under these

7
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conditions statistically significant effects were demonstrated for the factors;
bar slope, river reach, substrate size, and downramp amplitude. Over the range
tested, stranding increased proportionately with amplitude. Additional studies
were completed to explore any relationships between physical features on gravel
bars and stranding location of fry. The following discusses each of these
factors separately.

This analysis has by no means explored all hypothesis or models that
might be conceived regarding steelhead fry gravel bar stranding. The large
database collected in 1985 is fertile ground for further growth of our under-
standing of steelhead fry behavior in response to flow fluctuations.

(a) Amplitude

Fry stranding on gravel bars was significantly higher with a 4,000 cfs
downramp than with 2,000 cfs (Figure 25 and Table 1B). The 4,000-¢fs amplitude
stranded more than twice the number of fry stranded by the 2,000-cfs amplitude
fluctuation. There was alsc a tendency for fry to become stranded towards the
end of a downramping event. This tendency was stronger for a large amplitude
than a small amplitude event. It is not clear why stranding would occur more
frequently near the end of a downramping event especially a large amplitude
event. It perhaps may be linked to some hydrologic changes that happen near the
end of a downramp as river stage tries to reach an eguilibrium.

(k) Downramping Rate

The analysis of variance tests (Table 17, Figure 26) failed to show a
gignificant effect due to three ramping rates tested. Ramping rates between
1,000 and 5,000 cfs/hr appear to have virtually the same effect on the number of
fry ultimately stranded. 1In fact it appears that for steelhead fry it makes
little difference what ramping rate is used within this range.

More interestingly, a closer examination of the accelerated ramping rate
showed that fewer fry were stranded during the 500 cfs/hr phase than
5,000 cfs/hr phase. Since complete downramping events using 500-1,000 cfs/hr
were not tested and since mast stranding occurs toward the end of an event, it
is unknown what effect rates within this range might be. It is possible that a
threshold level is reached below which the rate of stranding is reduced and
above which the rate of stranding remains relatively constant. If such a
critical ramping rate exists, our study indicates that the rate is somewhere
below 1,000 cfs/hr.

(c) Gravel Bar Slope

Three levels of gravel bar slope were tested (0-5%, 5-10%, and greater
than 10%) and a very significant relationship was discovered (Table 18 and
Figure 27). The smaller the gravel bar slope the higher the rate of stranding.
In fact, it appears that gravel bar slopes between 0-5% are most critical as
demonstrated by the results of this study where more than 80% of the fry
stranded were on gravel bars with slopes less than 5%.
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The gravel bar slope was the factor which most significantly influenced
gravel bar stranding. In our inventory of the Skagit River above Rockport, we
estimated that 10,100 out of 29,110 lineal feet of gravel bar had a slope less
than 5%. It is likely that this number changes with flow (perhaps more small
slope area is involved when the river channel is fuller). However, it is not
known whether these changes are significant. The concept of managing the amount
of gentle slope gravel bar dewatered by controlling beginning flows was not
investigated. The gravel bar slope influences the rate at which a gravel bar
becomes dewatered. For a given downramping amplitude and ramp rate dewatering
of gravel bar habitat will occur much more rapidly on gravel bars with gradual
than steep slopes since the water surface elevation must travel farther on a
gradual slope than a steep one tc reach the same stage. Clearly the rate of
dewatering {in terms of sguare feet of gravel bar per unit time) and the area
dewatered increases as slope decreases. Thus, hydrological effects are more
exagqgerated. Therefore, if fry stranding is sensitive to downramp amplitude and
rate this should be more evident on bars with gentle slopes than on steep ones.
Two conclusions can be drawn from the cbserved effects of slope on fry
stranding. Pirst, more fry are stranded on gravel bars with a gradient of less
than 5% than those with a greater slope under any hydrolegical conditions.
Secondly, the sensitivity of fry stranding to hydrological factors is greater on
small slopes. It is important in this context to alsc keep in mind the
observation that gravel bar stranding tends to increase toward the end of the
event (at least in certain circumstances) suggesting that there are behavicral
and/or hydrclogical complications not accounted for in a simple linear rate
nodel.

(d) River Location

The location of the gravel bar on the river with respect to the source of
the flow fluctuation (in this case Gorge Powerhouse) has a strong bearing on the
effect of any downramping event (Table 18 and Figure 28). The location and
amcunt of tributary inflow also affects the strength of a downramping event. &
combination of distance and inflow is capable of masking or moderating the
effects of a downramp event despite the severity of the event.

This relationship was apparent throughout the results of the various
testing factors. 1In almost all cases the stranding rate was greater in the
middle stream reach where the relative volume of water involved in a downramp is
greater as compared to the lower reach where tributary inflow and distance
combine to dampen the impact of downramping. This process is explained in more
detail in Section II - Hydrology of the Skagit River.

{e) Substrate

The ANOVA rates substrate as significant (Table 17 and Figure 29).
Smaller subatrate tended to strand more fry than coarse. However, some reverse
effects were obvious such as the possible reverse interactions between gravel
bar slope and substrate size. These interactions were not readily explainable
but should be noted. PFor example, in Figure 29 gravel bars with slopes of (-5%
had more fry stranded on them when large substrate (greater than 3 inch) was
present than with small substrate (less than 3 inch); 7.89 fry per 200 feet of
bar versus 4.60 fry per 200 feet respectively. This relationship reverses on



SECTION VIII — PAGE 10

gravel bars with slopes of 5-10% with large substrate stranding less fry than
small substrate (0.51 versus 2.46 fry per 200 feet of gravel bar).

These results are perhaps understandable using the following logic. A
fry to avoid stranding must travel much further to escape on a gentle slope
gravel bar then on steeper bars. If the bar has large substrate it will present
the fry with a far more complex maze through which it must escape versus a
similar gravel bar with fine substrate. The larger the downramp amplitude the
longer the escape route and the more adjustments a fry must make as the
waterline slowly recedes. The more decisions (adjustments) to be made with a
complex substrate (large substrate) the higher the probability of making a bad
decision resulting in stranding. Using the same example with a less complex
substrate (small substrate), the fry must travel the same distance to escape but
the number of decisions will likely be reduced which in turn lowers the prob-
ability of stranding.

Steep gravel bar slopes had higher stranding rates with small substrate
than large substrate. This is the opposite response observed with gentle slope
gravel bars. First, note that stranding rates were considerably higher on
gentle slope gravel bars versus steep (4.60-7.89 vs .51-2.46). This in part may
be the result of fry density which is likely to be controlled by habitat
suitability and also that the width of bar dewatered is much smaller on a
steeper bar. Veloclty is perhaps an over-riding factor which influences the
presence or absence of fry in variocus habitat types. If the velocity is too
high fry will not be able to remain in the habitat. Perhaps on steep-sided
gravel bars with large substrate which indicates high velocities, fry can not
occupy the habitat because energy consumption is too great or they can not
physically overcome the velocity requirements needed to maintain position.
While on steep-sided gravel bars with small substrate the velocity is within a
suitable range allowing fry to occupy the habitat and be at risk to gravel bar
stranding. This provides an explanation which in general makes sense biolog-
ically and hydrologically.

(£) Daylight vs., Night Downramping

The average number of fry stranded during the night tests was slightly
higher than for daylight downramping tests but there was no significant
difference between the transformed or untransformed data. These data clearly
suggest that daylight downramping does not increase steelhead fry stranding on
gravel bars. There was virtually no difference between daylight versus darkness
downramping on steelhead fry. This finding is particulary interesting since
daylight downramping has been shown to strand significantly more salmon fry than
darkness downramping. No logical explanation for this could be developed.

(g) Fry Stranding Locations vs. Gravel Bar Features

With the exception of potholes and channel depressions, which functioned
as oversized potholes, there was no relationship between the stranding locations
of fry and definable gravel bar features including; logs, wood debris piles,
large rocks, vegetation lines, auto part debris, or channel depressions. It
appears that fry do not strand in or around obvious bar features, that when
submerged, may function as cowver sources.
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(5) Magnitude of Steelhead Fry Gravel Bar Stranding

Within the limits of the study, the "high side" steelhead fry stranding
calculation, assuming a peak vulnerability period of 75 days (July 15 to
September 30) and a maximum daily strand of 622 fry/day, projected that a total
of 46,650 steelhead fry would be stranded on gravel bars. This value will vary
depending on a number of factors some of which vary naturally and others that
are undefined. These factors include the actual daily operation of Gorge
Powerhouse, adult escapement, egg-to-fry survival, the amount and type of gravel
bars which changes dynamically from year to year, the amount of observer error,
predation on fry stranded on gravel bars, and the amount of gravel bar stranding
that actually occur in the upper study reach (Reach 3). The only one of these
variables that can be addressed is adult escapement. Based on data provided by
Washington Department of Wildlife, the escapement of wild steelhead into the
Skagit River during the spring of 1985 was average, rather than low or high.

The number generated to represent the magnitude of the problem is more of an
index value and to determine an absolute number the factors described above
would have to be accounted for. Some of these factors would have the affect of
raising the stranding total (observer error) and other would likely decrease the
total (use of actual daily operation). At this point in the discussion it is
important to reflect on the purpose of this exercise; to determine the
gignificance or magnitude of the stranding problem. The number generated 1s of
very little importance, but its order-of-magnitude is worthy of some thought.
This number was derived to show that tens-of-thousands of fry are affected, not
several orders of magnitude above or below this level. Within this context the
significance of steelhead stranding on gravel bars can be weighed.

Perhaps the following example might provide some additional perspective
regarding the impact of gravel bar stranding on steelhead fry within the order
of magnitude suggested by this investigation (46,650 fry stranded). A simple
and unqualified back-calculation can be used to represent how many adult fish
would be required to produce 46,650 steelhead fry. If we assume an egg-to—-fry
survival of 30% and that each steelhead female produces 6,500 eggs then it would
take approximately 24 female steelhead to replace lost fry. This example is
obviously over-simplified but does provide a means for defining the significance
of power generation on steelhead in the upper Skagit River.

c. Spring Gravel Bar Stranding

The following discussion reviews and interprets the results of the
analysis of the biological and physical factors studied that may have an affect
on gravel bar stranding by chinook, pink, chum fry and steelhead juveniles.

(1) Biological Factors

For fry toc be stranded on gravel bars they must first be present in areas
affected by downramping. Seccndly, once present they must occupy gravel bar
habitat that dewaters. Once these requirements are met there are additional
biological factors that determine vulnerability to gravel bar stranding that
include fry species, and fry age/size. PEach of the four fry species studied
stranded at different rates, that is to say that there were significant differ-
ences between the vulnerability of each species to gravel bar stranding. The

11
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analysis results indicated that pink and chum salmon were far more vulnerable
than steelhead relative to the chinook fry stranding rate. Pink fry were found
to be 10-13 times and chum were 2-43 times more vulnerable than chinock.
Steelhead juveniles, on the other hand, were 1.6-2.5 times less vulnerable than
chinook f£ry. Even though chinook were not as vulnerable to gravel bar stranding
as pink or chum fry, they accounted for most of the stranded fry because their
abundance in gravel bar habitat is much higher than any other species. Pink fry
with relatively low abundance were able to account for a large portion of the
fry stranded because they are 10 times more vulnerable than chinook. That is to
say that their "rate of stranding" is much higher than chinook fry. Likewise,
chum salmon fry were far more vulnerable to stranding than chinock, 2 to 43
times more vulnerable. Steelhead juveniles (fry that had over-wintered) as
predicted by the results of the summer/fall gravel bar stranding study were far
less vulnerable to gravel bar stranding than any other species of salmon fry in
the study area. This is quite understandable since steelhead become pro-
gregsively less vulnerable with size/age. Size/age related changes in salmon
fry gravel bar stranding vulnerability could not be evaluated because the fry
did not grow appreciably during the 30-day field study period. This was because
chinook fry remain in the study area only a short while before outmigrating
while pink and chum fry upon emerging from the gravel quickly move out of the
area before growth can be achieved,

(2) Physical and Hydrologic Factors

The list of physical and hydrologic facteors that could have some
influence on gravel bar stranding goes beyond those studied by R. W. Beck and
Associates and past researchers. However, the factors included in our studies
were selected on the basis of (a) review of past studies; (b) review of 1885
steelhead stranding studies; (c) importance to or affected by hydro operations;
(d) suggestions by the Skagit River Standing Committee; and (&) measurability.
The statistical analyses presented in Section VI - Results of the Spring 1986
Gravel Bar Stranding Study, identify the combinations of factors and levels
within factors where gravel bar stranding of fry shows significant sensitivity.
Unlike the summer-fall steelhead fry gravel bar stranding study a large portion
of the stranding counts were zero which may have had some effect on the study
outcome in terms of biased counts, etc., and may also have affected the
analytical results. It is important to bear in mind that the general con-
¢lusions of the analysis were reconfirmed when subsets of the data containing
few zero counts were analyzed. The data and results given form the basis for a
much larger task of synthesizing this information into a comprehensive under-
standing of the processes involved in fry stranding. The predictive matrices
presented here are a first step in this direction. The following provides some
general comments for each of the factors examined in this study.

(a) Day Vs. Night Downramping

An experiment designed around a paired t-test was completed by Rod
Woodin, a Washington State Department of Fisheries biologist, in 1981-83 to
determine if downramping time (dark vs. light) has any effect on gravel bhar
stranding of salmon fry. The results of his experiment clearly indicate that
salmon fry stranded more frequently when downramping occurs during daylight than
darkness. (See Section VII for greater detail.)
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(b} Gravel Bar Slope

The slope of a gravel bar determines the distance a fry at waters-edge
must travel to escape gravel bar stranding. This is the "distance" component of
the gravel bar dewatering mechanism. The smaller the gravel bar slope the
greater horizontal distance a fry has to travel to avoid stranding for a given
change in river stage. As gravel bar slopes increase the distance a fry must
travel to remain at waters-edge decreases with a constant downramp stage change
and beginning flow. It is very likely that a fish the size of the fry studied
do not feel uncomfortable in very shallow water since they need only a fraction
of an inch of depth to remain completely submerged. If, for example, on a
gravel bar with a slope of 1% a fry stays at waters—edge as many seem to do,
that fry may be in trouble by the time it senses that the water depth becomes
too shallow. As the water continues to recede the fry has only a small amount
of time to react and make the decision to move toward mid-channel. On a shallow
gravel bar the distance to a safe depth is far greater than with a steep
gradient. The greater the distance the greater the potential risk, since a
decision must be made each time the fry changes position tec adjust to the
receding waterline. This is compounded by the reduced escape time associated
with a shallow gravel bar. For any combination of downramp stage change the
water will always recede more quickly on a shallow gravel bar than on a steep
one which means that a fry must not only travel farther to escape but faster.

{¢) Downramp Amplitude Fluctuation

Two separate hypcotheses were tested with regard to the effect of downramp
amplitude fluctuation on gravel bar gtranding. Two amplitudes (2,000 and 4,000
cfs) levels were tested. The ANOVA in Table 35 failed to reject the hypothesis
that there was no difference between stranding due to amplitude. The hypothesis
that stranding was proportional to amplitude was also rejected. These results
are counter to what may have been expected, especially in light of cpposite
results of the same tests for the summer/fall steelhead fry. The level of a
particular amplitude fluctuation of a downramping event controls the amount of
dewatered gravel bar. Prior to these studies it was reasonable to assume that
the amount of stranding would have been associated with the amount of gravel bar
dewatered (the more gravel bar exposed the more stranding assuming all other
factors remain unchanged). This is in fact what was observed with steelhead fry
in the summer/fall studies, but apparently the relationship does not hold for
salmon fry during the spring months. Stranding, therefore d4id not appear to be
influenced by downramping amplitude (within the testing range). Even when zero
observations were reduced by using the highest stranding totals (0-5% slopes)
there was still no significant difference between the number of fry stranded
with 2,000 versus 4,000 cfs amplitudes.

{d) Downramp Endflow

The downramp endflow is the flow measured at the Marblemount stream gage
that represents the end of a downramp amplitude fluctuation. During the study
design phase there was considerable concern by the Washington State Department
of Fisheries (WDF) regarding the potentially harmful effects of downramping
below 3,500 cfas at the Marblemount gage. It was felt that certain parts of the
stream channel represented "critical habitat” that if dewatered could cause
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higher levels of stranding than seen above this point. For this reason two
separate downramp endflows were chosen tg test this hypothesis, one above the
assumed critical area (3,500 cfs) and a second 500 cfs below that level

(3,000 cfs). The results of the statistical tests showed no significant
difference under any testing condition. (See Tables 31-34.) These results
appear to support the thought that within the range of flows studied, the ending
flow of a downramp event has no bearing on the numbers of fry stranded, down to
a 3,000 cfs endflow. Below this endflow level it is unknown whether this
relationship holds true.

(e) River Location

The term "river location" is used in the context of distance from the
source of the flow fluctuations. 1In this case the Gorge Powerhouse represents
the closest river location to the fluctuation source and Rockport Bar the
farthest. The results of the analysis showed that the river location effect was
most pronounced when ramping rate was 5,000 cfs/hr or when only small substrate
sites were included in the analysis. As described in Section II - Hydrology of
the Skagit River, the effects of flow fluctuation are moderated as a positive or
negative wave moves downstream. Thus the time required for a downramping event
to pass a downstream point on the river would be much longer than for an
upstream lccation. Likewise, the hydrologic effect of a given ramping rate is
much stronger upstream than downstream. Because of this "river location" effect
on some hydrologic factors there are changes in the magnitude cof stranding that
are controlled by the location of the gravel bar. An example of this shown by
Figure 44 (Section VI) where the effect of a 5,000 cfs/hr ramp rate is greater
than for a 1,000 cfs/hr rate regardless of river location, but the magnitude of
the average stranded changes between river location because the effect of the
ramp rate is reduced by the time it reaches the lower reach. In effect, a 5,000
cfs/hour ramping rate released at Newhalem can be measured at the Marblemount
gage as only a 2,500 cfs/hr ramp rate hecause of the hydrologic factors
mentioned earlier. This same relationship applies to gravel bar slope.

The upper reach of the study area was not incorporated into the study
design. The predictive matrices constructed to determine the magnitude of the
stranding problem applied and used the stranding rates calculated for the middle
reach to the upper reach (Copper Creek to Newhalem) which was not studied. The
importance of river location indicates that the upper reach may be more strongly
affected than the middle reach due to its close proximity to the Gorge
Powerhouse. However, there was no lcogical process for determining what this
effect (measured as stranded fry) may have been.

(£) Downramping Rate

Two downramping rates were used and the difference between them tested
significant under conditions that tended to maximize stranding (Table 40). The
5,000 cfs/hr ramping rate stranded significantly more fry than the 1,000 cfs/hr
rate. This relationship was amplified in the middle reach where any effects due
to ramp rate would be expected to be most pronounced due to river location
(Figure 45). The average number of fry stranded per 200 feet of gravel bar was
much higher in the middle reach with a 5000 cfs/hr ramping rate than in the
lower reach, Also, as expected, the average fry stranded on gravel bars with a
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0% to 5% slope was much higher with a 5,000 cfs/hr than the 1000 cfs/hr ramp
rate. The ramp rate determines how much time a fry has to avoid stranding, the
higher the rate the less time a fry has to make each of the position changes
probably required during each downramp event. An accelerated ramp rate was
tested during the summer/fall gravel bar stranding study, part of which involved
a 500 cfs/hr ramp rate. Those results indicate that somewhere between 500 and
1,000 cfs/hr the rate of steelhead Ery stranding may drop off and above

1,000 cfs/hr up to 5,000 cfs/hr there is little or no change in stranding rates.
Mo ramp rate below 1,000 cfs/hr was tested on salmen fry and because salmon fry
responded differently than steelhead fry to some of the testing parameters it
would be dangerous to assume that stranding rates would drop below 1,000 cfs/hr.

(g) Substrate

The two levels of substrate, less than and greater than three inches,
tested significant under conditions which maximize stranding (Tables 35 and 41).
The relationship between substrate and other factors such as ramp rate, bar
slope, and river location were variable and complex. Without providing a
logical explanation for the results, it was clear that for gravel bars with
slopes between {0 and 5 percent, those with small substrate strand many more fry
than those with large substrate. Also, in the middle reach, where effects were
more pronounced because of this reaches upstream location, gravel bars with
small substrate tended to strand significantly more fry than large substrate.

In the lower reach this relationship did not hold.

(3) Magnitude Of Salmon Fry Gravel Bar Stranding

The spring 1986 gravel bar stranding studies produced data on gravel bar
stranding of salmon fry in the Skagit River between Copper Creek (River Mile
84.0) and Rockport (River Mile 687.5). These data estimate the typical number of
fry stranded on gravel bars within this stream reach within the range of
observed operational flows and within the limits of the study. The data did not
account for gravel bars located between Copper Creek and Newhalem. However, the
gravel bars in the upper stream reach were inventoried with respect to bar type
(slope and substrate) and length. The average number of fry stranded on these
bars was estimated by assigning stranding rates derived from the middle stream
reach. The data did not account for two other possible sources of error.
Observer errcr during the field study would underestimate stranding as would
unaccounted for predation on stranded fry. Predation on stranded fry during the
spring months certainly could account for some error, however the fry stranded-
/bar area rate were so small compared with those for steelhead in the summer-
/fall that it seems unlikely that a predator could waintain a high enough
recovery rate to justify routine gravel bar searches.

A total of 19,512 fry would be stranded using the "high side" scenario
described in Section VI of this report. This number was derived during a pink
fry emergence year so it is likely that this estimate for a non-pink year would
be lower since there would be less fry in vulnerable areas. Bven if chinook fry
made up the difference in fry population numbers, less fry would be stranded
during the season since chinook are not as vulnerable to stranding as pink fry
(10-13 times less vulnerable). Adult escapement during 1985 for summer chinook,
chum, and coho were average when compared with escapement between 1975-1985,



SECTION VIII - PAGE 16

The escapement of pink and spring chinook were considerably higher than the 10-
year average. This analysis considered fry abundance of these species to be
normal, The accuracy of this number is highly debated given the unaccounted-for
error, but the magnitude of the number is what should be considered. The
purpose of the exercise was to determine the magnitude of the problem (1.e., are
seasdnal fry stranded numbers on the order of 100's; 1,000's; 10,000's or
100,000's) not the absolute number of fry stranded. The number generated,
assuming that it is within an order of magnitude, indicates that salmon fry
stranding from the spring of 1986 were in the low tens to hundreds of thousands.

The following example provides another means for determining the
magnitude of power generation on salmon fry. If we assume that an egg-to-fry
survival rate of 30% and that each salmon female produces on the average of
4,500 eggs, then it would take approximately 15 females to replace the salmon
fry loat to gravel bar stranding.

4, INTEGRATION OF RESULTS

The three major studies were conducted over an eighteen month time period
generating a vast amount of field data which contributed to an extensive
database from which the results presented in this report were drawn., The matrix
in Pigure 52 presents collectively the general results of these studies which
provides a means for comparing the results of one study or season with another.
The matrix presents the parameters (factors) in terms of their importance to
pothole trapping and stranding and gravel bar stranding for the spring and
summer/fall (summer) seascns, The factors are arranged by three factor types;
physical and spatial factors (bar slope, substrate, etc.), biological factors
(£ish species, etc.), and downramp parameters (downramp amplitude, etc.). The
matrix addresses potholes and gravel bars individually as well as collectively
(as a population).
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TABLE 4% - Matrix of Factor Importance to Pothole Trapping and Stranding
and Gravel Bar Stranding for the Spring and Summer/Fall
Seasons Arranged by Three Parameter Types.

POTEOLES GRAVEL BARS
SPRING SUMMER * SPRING SUMMER
FACTORS Trap Strand Trap Strand
A. Physical And Spatial
Stream Reach YES/2 n/a YES/2 n/a YES YES
Pothole Type (3) YES YES YBS YES n/a n/a
Connection Flow YES n/a YES/2 n/a n/a n/a
Dry Flow NO YES NO/2 YES n/a n/a
Pothole Cover YES NO YES NO n/a n/a
Substrate Size n/a n/a n/a n/a YES/6 YES/6
Gravel Bar Slope n/a n/a n/a n/a YES YES
B. Bioclogical
Fish Species YES n/a YES n/a YES YES
Calendar Date YES n/a YES n/a YES YES
C. Downramp Parameters /1
Pothole Overflow YES n/a UNENOWN n/a n/a n/a
Beginning Flow YES n/a YES n/a NO /S NO/9
BEnding Flow YES YES YES YES NO NO/8
Ramp Rate NO NO UNEKNOWN NO/4 YES NO/S
Amplitude YES YES YES YES NO YES
Time (Day/Night) NO/9 n/a UNKNOWN n/a YES/7 NO
Short-Term Flow NO NO UNKNOWN NO NG /9 NO/9
History
Long-Term Flow YES NO UNKNOWN NO/4 NO/9 NO/9
History
bd No formal studies conducted
n/a Not applicable
(1) Factors that are either partially or completely controlled by SCL
operations.
(2) 80% of all potholes located in the lower reach
(3) Pothole size, depth, streambank location, drainage characteristics,
(4) Assumption that results from spring pothole study would apply to the
summer/fall pothole season.
(5) Higher ramp rates (5,000 cfs/hr) generally stranded higher numbers of

fish and ramp rates of 500 cfs/hr may strand less fish. These results
were not statistically founded.

{6) Substrate as a factor was statistically significant but with many
reverse reactions that were difficult to explain.

{7) These findings were the result of studies and analysis conducted by
the Washington State Department of Fisheries.

(8) Assumption that results from the spring gravel bar stranding study

would apply to the summer/fall gravel bar stranding season.
{9} These factors were not studied or statistically tested.



SECTION VIII - PAGE 18

Physical and spatial factors share the common concept that they are not
directly controlled or altered by Seattle City Light operations. For example,
the spatial location of a particular gravel bar with respect to Gorge Powerhouse
can not be altered unless the powerhouse location were to be physically moved.
These factors however, are all very dynamic over time. The slope of a specific
gravel bar changes (perhaps only slightly) as influenced by high-water events is
an example of this. These factors can be categorized as difficult to control or
manipulate. Some of these physical and spatial factors play an extremely
important role in Ery trapping and stranding in potholes and stranding on gravel
bars but would be difficult or in some cases impossible to alter to minimize
trapping or stranding. A good example of this is the following. Nearly 80% of
the fry stranding during the summer/fall season occurred on gravel bars with
slopes between 0-5%. 1I1f the amount of this type of gravel bar could be reduced
or eliminated the result would be a dramatic decrease in stranding. This
represents a factually correct approach that is not viable because there is not
practical way of altering the slopes of gravel bars on the Skagit River. The
same applies to the other factors in this category with the possible exception
of pothole type, which basically refers to the size and depth of individual
potholes. It is conceivable that the size and depth of a single pothole or
group of potholes could be altered by filling them in with existing substrate
materials. Once done this would alter the dry flow and potentially the
connection flow of the pothole. This approach would be only a temporary measure
since the pothole population is constantly changing from season to season.

The fish species and calendar date are factors that are of biological
origin. Specifically, certain fish species are present in the spring verses the
summer/fall seascn and some species are more vulnerable to stranding than
others. These factors do influence stranding as shown by the results of the
studies but they can not realistically be altered or controlled to reduce
stranding.

Downramp parameters represent the final category of factors that were
studied to determine their effect on trapping and stranding. This category of
factors differs from the others because they are mostly a function of hydropower
cperations and are subject to human control. For example, the time (day vs.
night) of a downramp can be controlled by Seattle City Light,

It is logical to assume that the eight downramp factors listed in Table
49 also represent the one category of factor type that could realistically be
manipulated to modify the levels of trapping and stranding. It is appropriate
to draw attention to this category of factors in Table 49. It is important that
these factors and their importance to trapping and stranding in potholes and
stranding on gravel bars be examined closely since a variation of one factor may
be capable of reducing pothole trapping and stranding but may have a reverse
effect on gravel bar stranding and perhaps spawning or redd dewatering.

Pish behavioral responses are another category of factors representing an
important component of the trapping and stranding phenomena that were not
studied statistically but play an important role in the overall mechanism of
trapping and stranding. The results of the fry residence time in potholes by
Troutt (Appendix E) and Ladley's study of recruitment of fry into empty potholes
and the concept of longterm flow history (Appendix R) were the primary contri-—
butions to behavioral research pertaining to potholes.
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Troutts’' work showed that most species of fry remain in or return to a
pothole for more than one downramp event. The results of Ladley's study showed
that fry recruit into empty potholes immediately and that recruitment continues
when low downramp beginning flows are repeated. This recruitment process is
interrupted by the occurrence of a high beginning flow.

In consideration of the four categories of factors it is essential that
each category be kept in perspective. Because the factors within the physical/-
spatial and biological categories can not realistically be altered, their
relative level of importance is diminished because there is no latitude for
change. The objective of any changes would be to reduce trapping and/or
stranding rates. Accordingly, the factors that have proven to be of importance
and that can also be changed should receive an elevated importance because they
have the potential to be altered so as to reduce trapping and stranding.

This evaluation approach suggests that controllable factors of importance
merit further discussion. Other factors of importance or non-importance should
be considered further only when a significant interaction has been shown with a
controllable factor of importance. For example, gravel bar slopes of 0-5% were
perhaps one of the most significant (important) factors identified, yet it also
is a factor that can not realistically be changed. It is very important that we
know how this factor interacts with controllable factors such as ramp rate or
amplitude during the spring gravel bar stranding season.

Given the approach cutlined apbove, there are eight factors, all of which
fall into the factor category of downramp parameters that merit further
consideration since each of these factors can be controlled in differing degrees
of magnitude, difficulty and cost. The other factors are of lesser importance
since they can not be controlled or manipulated, but as mentioned earlier must
not be overlooked because of how each interacts with the eight downramp factors.

A, Controllable Factors

The following discusses each of the eight downramp factors separately and
in combination where significant interactions with other factors occur.

Amplitude - this factor has a greater influence over pothole trapping and
stranding and gravel bar stranding than any other factor, with the possible
excepticn of gravel bar stranding during the spring season (See Table 49). If
daily amplitude fluctuations were eliminated, as in the case of a run-of-the-
river system, the majority of the stranding losses would be eliminated without
consideration given to any other factors. Even if amplitude fluctuations caused
by power generation were eliminated stranding would still not be eliminated
entirely since stranding is a natural occurrence on uncontrolled river systems
as demonstrated by the results of the surveys conducted on the Sauk River
{Section IV). Assuming that amplitude elimination is not possible, it becomes
important to understand how the magnitude and pattern of amplitude can be
altered to reduce stranding.

18
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The matrix developed for potholes (Figure 16) shows that as the amplitude
increases so do the number of potholes that become disconnected and go dry. The
results of the summer/fall gravel bar study suggests that stranding increases in
proportion to the amplitude. With thege results in mind, it is clear that the
smaller the range of downramp amplitudes the lower the resultant stranding
rates,

On the other hand, the behavioral study conducted by Ladley indicates
that fry recruitment into potholes increases when low beginning flows are
repeated in successive downramps. Therefore, to avoid increasing the number of
fry at risk to pothole stranding while maintaining a reduced range of downramp
amplitudes to reduce gravel bar stranding, higher beginning flows would have to
be sustained to maintain a pothole overflow level that elicits low trapping
rates. If this approach were adopted it should be maintained during both the
spring and summer/fall pothcole trapping and stranding seasons to provide maximum
protection. Another possible variation would be to use this method during the
period of peak vulnerability. If adopted for the summer/fall seascn this
protection measure reguires the acceptance of the assumption that the pothole
overflow/fry trapping relaticnship holds true for the summer/fall season.

Another consideration that will require careful thought would be the
possible reduction in preferred rearing habitat for newly emerged fFry brought
about by higher beginning flows. With higher beginning flows it is conceivable
that suitable rearing habitat may be reduced because of full channel flow which
may possibly eliminate important types of waters-edge habitat. During the field
studies it was apparent that a large portion of the newly emerged fry occupied
waters—-edge habitat because of reduced water velocity. This type of habitat may
be reduced because the river will be flowing closer to full channel. This
appreoach could also encourage steelhead to spawn at higher flows which in turn
would require higher incubation flows t¢o avoid redd dewatering.

Another possible long-term effect of this scenario could possibly be an
upward shift in the distribution of pothole connection and dry flows resulting
from the long-term effects of higher flows. The formation of potholes is
thought to be primarily a hydraulic process. Although this is unproven, it is
logical to assume that new potholes would be created higher on the streambank if
a pattern of higher flows were instituted.

If the upper parts of most gravel bars have higher slopes during full
channel flow a positive side-effect might be a decrease in gravel bar stranding
if gravel bar slopes are increased from the 0-5% to the >5% range. There is a
dramatic decline in stranding on gravel bars with slopes greater than 5%. This
speculation assumes that the shoulder of the streambank at full channel is
steeper than what might be present at lower, more typical flows, similar to
those tested.

Another consideration associated with the concept of smaller amplitudes
with higher beginning flows would have to be the cost and/or benefit(s) to power
generaticn.

20
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There are other controllable factors such as downramp rate and time that
need to be discussed in conjunction with amplitude due to their interactions
with, and potentials for reducing stranding beyond the amplitude scenarios
discussed above.

Ramping Rate - The speed or rate by which the flows are reduced defines
the process or factor that these studies investigated and reported on. The
reverse process is termed upramping, the speed or rate by which flows are
increased. Upramping was not studied. Upramping is assumed to be of little
concern to trapping and stranding of fish. Downramping on the other hand was
studied because it was considered to be one of the key factors influencing
trapping and stranding.

The results of our studies suggest that ramping rate does not influence
trapping or stranding in potholes within the range of rates studied.

The analysis for the spring gravel bar stranding study determined that
ramping rate was a significant factor. The higher ramping rate (5,000 cfs/hr)
stranded significantly more fry than the lower ramp rate {1,000 cfs/hr). A
gimilar analysis of the summer/fall gravel bar stranding data determined that
ramping rate was not a significant factor although the average stranding rates
were slightly higher when the higher ramping rate was used {(see Figure 26).
Other data from the summer/fall gravel bar stranding study was used to examine
and accelerated ramp rate and suggested that stranding rates were reduced when
downramp rates of 500 cfs/hr were used.

If ramping rates were reduced, the results indicate there would be no net
change in the number of fry trapped or subsequently stranded in potholes during
either of the seasons studied. During the spring season gravel bar fry standing
could be reduced if the ramping rates did not exceed 1,000 cfs/hr during the
peak vulnerability period. We do not know if stranding rates increase linearly
between 1,000 and 5,000 cfs/hour or whether above a threshold level stranding
rates increase from the 1,000 cfs/hour rate to the 5,000 cfs/hour rate. If some
ramp rate between the two levels studied were used, the resulting stranding
levels can not be predicted in that they may strand at the 1,000 cfs/hr level or
just as easily at the 5,000 cfs/hr level or somewhere in between. Short of
specifically studying other levels of ramping rate there is no dependable means
of determining stranding levels at other ramp rates from our data.

Further insight into this matter was drawn from Figure 45, which is a
histogram showing the effects of downramping rate on salmon fry stranding at
different levels of other testing factors. We discovered during the pothole
study that ramping rates created at the Gorge Powerhouse are dampened by the
time they arrive at Marblemount. In general, the downramp rate was reduced
considerably by the time it reached Marblemount. From Figure 45, the stranding
rate of 1.19 fry/200 feet of gravel bar with a 5,000 cfs/hr downramping rate in
the middle reach was reduced toc .4B fry/200 feet of gravel bar in the lower
reach. Because distance dampens the ramp rate and if the ramp rate becomes only
50% of the original ramp rate by the time it arrives at the lower reach, then
the egtimated 2,500 cfs/hr ramping rate has only a slightly higher stranding
level (.48) than a 1,000 cfs/hr ramping rate (.44 fry/200 feet of gravel bar).
This speculative example merely attempts to point out that ramp rates less than
perhaps 2,500 cfs/hr may result in stranding levels nearer the 1,000 cfs/hr than
the 5,000 cfs/hr rates.
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During the summer/fall gravel bar stranding season the statistical
results showed there was no significant difference in fry stranding rates
between the 5,000 and the 1,000 cfs/hr ramping rates. However, in all but one
testing combination the 5,000 cfs/hr ramping rate had slightly higher stranding
rates than with 1,000 cfs/hr ramping rate (Figure 26). The results of the
statistical tests determined that the measured stranding levels do not differ
greatly enough to be considered significantly different. With these results in
mind it is probably safe to suggest that this factor, compared with others, may
be of much less importance t¢ stranding of fry during the summer/fall season
within the range of ramp rates tested.

Although not formally studied or tested, evidence suggests that ramping
rates of 500 cfs/hr may contribute to lower stranding rates. The results
indicate that when ramping rates are reduced to 500 cfs/hr, fry may be capable
of following the waterline down the gravel bar with greater success. We assume
that the reduced speed of the falling waterline is slow enough that even
recently emerged fry may be able to avcid stranding with more regularity.
Because this was not formally tested, it is suggested that consideration be
given to the reduction of ramping rates to this level during the summer/fall
season if power generation is not compromised greatly. The 500 cfs/hr rate was
only studied during the summer/fall gravel bar study. It is not known whether
similar results would be determined for the spring season.

One possible side-effect of a 500 cfs/hr ramping rate is that by slowing
down the receding waterline there is greater opportunity created for fry to
locate and occupy potholes., Faster rates afford fry less time to locate
potholes as the waterline recedes. With the exception of this possibility
ramping rate is thought to have no effect on the number of fry trapped and
stranded in potholes during the summer/fall season.

Pothole Overflow - This factor appears to be a key component in
determining pothole trapping numbers during the spring season. Although not
studied, it is assumed to be of equal importance during the summer/fall season.
If an emphasis is placed on reducing the total number of fry trapped in potholes
(fry at risk to stranding) then it becomes necessary to avoid repeating
downramps with low beginning flows in the range of 4,500 to 5,000 cfs. If this
approach is taken it discourages the buildup of fry in potholes. Alternately,
if a series of low beginning flow downramps can not be avoided it should be
followed by a high beginning flow downramp to flush recruited fry from potholes
before low ending flows are used. If a low ending flow occurs before a high
beginning flow can flush fry from potholes many more fry will he wvulnerable to
stranding.

Downramp Time - The time of downramping was tested for its possible
effects on gravel bar stranding of fry in both seasons. During the spring
season downramping primarily affects salmon fry. The results of tests conducted
by the Washington State Department of Fisheries has shown that the time of
downramping has a significant affect on the numbers of fry stranded on gravel
bars. Approximately seven (7) times the number of fry are stranded when any
part of the downramp occurs during daylight as compared to an identical downramp
conducted entirely in darkness. The results of the summer/fall gravel bar
stranding study, effecting primarily steelhead fry, strongly suggest that the
time of downramp has no effect on the numbers of fry stranded.
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Given these results 1t is suggested that daylight downramping should be
avoided during the spring season which is presently in force under the Interim
Flow Agreement between Seattle City Light and Joint Resource Agencles. It 1s
further suggested that the avoidance of daylight downramps by Seattle City Light
be waived during the summer/fall season because this factor is probably of no
importance in reducing the number of fry stranded on gravel bars.

The day versus night downramping factor was not part of the study design
for pothole trapping and stranding investigations. We would speculate that if a
response could have been detected it would have been in the form of the number
of trapped fry in potholes, but not stranded. Without data it is difficult to
predict how this factor would effect trapping in potholes., Without further
study it may be safest to assume that if there is a measurable effect it would
be similar to the response detected for gravel bar stranding for the two
seagsons. Using this assumption it would still be advisakle to operate as
suggeated above,

If a limited amount of daylight downramping is necessary during the
spring months and can be anticipated and planned for 1t would be important to
minimize the response level of other factors to minimize stranding. For
example, to minimize gravel bar stranding the ramping rate and amplitude should
be held to a minimum and for pothole trapping a large pothole overflow the day
before the daylight downramp would hold the trapping rates down.

Long-Term Flow History - This appears to be one of the key factors
affecting the number of fry trapped in potholes, which ultimately determines the
number of fry stranded. This factor was first discovered during the analysis of
the data from the pothole study of 1985. The importance of this factor was re-
confirmed by the results of study on recruitment of fry into potholes during the
spring of 1986, The influence of this factor is assumed to apply to the
summer/fall season although there is no data to support this speculation.

This factor can be manipulated to reduce the number of fry trapped and
subsequently stranded by following a series of low beginning flow downramps with
a high beginning flow downramp prior to dropping the river flow significantly
lower than previous downramps. This type of procedure could winimize the number
of fry stranded by flushing most of the fry from the potholes. From a
biclogical standpoint this approach may work but it could be difficult and
costly in terms of power generation and may have other constraints as discussed
earlier during the amplitude factor discussion.

Long-term flow history is felt to be of no importance to gravel bar
stranding since fry are constantly re-adjusting their waters edge position as
flows change with fluctuations caused by tributary inflow and power generation,

Short-Term Flow History - This factor was thought to be of some
importance to pothole trapping initially. Results from the pothole study, while
incomplete, suggest that short-term flow history {(a few hours prior to a
downramp) is not an important factor to pothole trapping.
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There 15 no apparent reason to believe that this factor has any influence
on gravel bar stranding during either season. Short-term flow history does not
seem to be of importance ta either pothole trapping and stranding or gravel bar
stranding.

Downramp Ending Flow - Two levels of downramp ending flow were tested
during the summer/fall gravel bar stranding study. The results showed that the
ending flows tested were nog important to gravel bar stranding during the
summer/fall gravel bar stranding season. This suggests that the area on a
gravel bar that is dewatered during a downramp is not nearly as important as the
type of gravel bar that is dewatered (slope, substrate and location). Manipu-
lation of this factor would be of no benefit to gravel bar stranding.

Ending flow is an important pothole trapping and stranding factor because
it generally determines the status of each pothole in the population at the end
of a downramp event. The beginning flow and the amplitude of the downramp are
the two other factors that are required to completely define a pothole downramp
gvent in terms of determining which potholes become disceonnected and which
potholes go dry. The management of this factor for reducing trapping and
standing is dealt with above in the discussion cn amplitude.

Downramp Beginning Flow - This factor determines the upper limit of each
downramping event and within the context of this study appears to be of
importance to pothole trapping and stranding. The level of the beginning flow
determines which potholes are connected and disconnected at the start of each
downramp.

The beginning flow also determines the depth of pothole overflow which is
a very important factor in determining the number of fry trapped in potholes.
The pattern of downramp beginning flows over a series of downramps is also an
important factor because it controls the level of fry pothole recruitment. This
factor, and its management is addressed above in the discussion of amplitude.
Like ending flow, this factor has no effect on gravel bar stranding.

b. General

Perhaps one of the most interesting results of the studies involves a
comparison of the spring and the summer/fall gravel bar stranding studies. The
level of the stranding rates reported for each study (fry stranded/200 feet of
gravel bar) were quite different. The level of the stranding rates reported for
the summer/fall gravel bar study were much higher than those for the spring
gravel bar stranding study. It is important to recall that virtually all of the
gravel bar sites studied were identical for both studies as were the level of
effort applied. The only difference between the two studies were the season,
species and fry densitiea. The later factor, fry density, is assumed to be
significantly different due to the greater numbers of salmon verses steelhead
adults spawning inside the study area. Salmon fry densities in the spring must
be higher than steelhead fry denaities in the summer/fall. If fry abundance is
higher during the spring season than summer/fall, and if the specles are equally
vulnerable between seasons then spring stranding rates should have been higher
than summer/fall. The opposite actually occurred which may be the result of a
difference in species vulnerability between newly emerged salmon and steelhead
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fry. There was not logical way to evaluate vulnerability difference between
newly emerged steelhead and salmon fry because of thier difference in emergence
timing. If true, it suggests that chinook salmon fry are much less susceptible
to gravel bar stranding than steelhead fry. Also that a higher percentage of
the steelhead fry population 1s affected by gravel bar standing than salmon fry.

The magnitude of the stranding in potholes and on gravel bars was
addressed earlier in this report. A very coarse estimation procedure was used
to define the approximate magnitude of fry stranding. The procedures used did
not account for several factors affecting total stranding. Factors such as
cbserver error and predation on stranded fry could not be evaluated to determine
their contribution to total stranding. Inclusion of these factors in the
estimation procedures would have increased the total number of fry stranded.
Conversely, within the limits of this study it was suggested that the stranding
estimates for potholes and gravel bars would over-estimate the total fry
stranded. This is because the combination of downramp event variables (ramp
rate, amplitude, etc.) used in the estimation procedure caused the highest
stranding rates ovserved during the study and do not reflect Seattle Light's
actual operational patterns. The high ramping rates and large amplitude
fluctuation levels used to make the estimates were considerably higher than the
typical daily operational levels more commonly encountered. This conservative
approach was used in the estimation procedures to, in part, offset unaccounted
for losses due %o observer error and predation on stranded fry.

A more accurate measure of stranding magnitude was obtained by using the
actual hourly flow data to define each downramp opposed to the techniques
described above which assumes a single downramp type (preducing the highest
level of stranding) that occurs over and over again. This project, called the
"Skagit River Fry Stranding Integration Model® was conducted to integrate actual
operational patterns during the Interim Plow Agreement period (1981-1987) with
estimated relative pothole and gravel bar stranding levels developed from this
study (Beck, 1989). What follows is a brief description of results., Further
details for this project are contained within the project's final report.

The stranding projections determined by this model should be viewed as
relative indices for fry stranding. Observer errors and predation on stranded
fry, for example, are not accounted for by the model. The indices reported here
are intended to reflect the magnitude of fry stranding under different flow
scenarios. The model projects the number of fry trapped and/or stranded in
potholes or on gravel bars under actual flow conditions during each of the seven
flow-years (1981-1987) using the 1985-86 trapping and stranding data from this
report. This approcach assumes that fry densities and species compositions
remained constant from 1981-87. For example, if SCL operations for flow-year
1982 had occurred during 1985-86, the model projects the outcome.

The estimated total number of fry stranded in potholes and on gravel bars
ranged from 11,004 in 1987 to 30,417 in 1982 and averaged 20,751 over the seven-
year period (Table 50). These changes in total stranding showed that the high~
side estimates developed in this report did over-estimate stranding levels
within the limits of the study. The variation in actual flow conditions from
year to year was evident as shown by distinct differences between stranding
totals from year to year. These results indicate the importance of downramp
characteristics on fry stranding and also suggest that stranding can be
minimized through measures that shape downramp characteristics.

The spring gravel bar study did show a wide range of susceptibility
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between salmon fry species. Steelhead are not present as fry, but rather
juveniles, during the spring season so their susceptibility could not be
determined relative to chinocgk fry.

Another measure that could be implemented to reduce gravel bar stranding
18 drawn from the finding that stranding of steelhead and chinook is length/age
dependent. Fry of these two gpecies are most vulnerable when newly emerged from
the gravel and become less so with age and growth. Since these two species
represent the bulk of the total fry stranded it may be prudent to apply the
mitigating measures described during the pericd of peak emergence. Emergence
timing could be predicted using the SCL Temperature Unit Model and confirmed by
monitoring fry abundance in the field.
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TOTAL ESTIMATED NUMBER OF STRANDED SALMON
AND STEELHEAD ON GRAVEL BARS
AND IN POTHOLES BY YEAR AND SEASON

Spring

6.087.9
1,958.5

16,222.0
4,412.8

18,713.8
2,276.6

10,872.8
1,690.9

8,383.9
2,756.7

14,349%.5
2,756.7

6,073.1
1,022.5

11,529.0
2,363.0

Summer Subtotals
4,871.6 10,959.5
- 1:958-5
9,783.1 26,005.1
- 4,412.8
9,307.9 28,021.7
-— 2,276.6
4,957.6  15,830.4
-— 1,690.9
9,300.4 17,684.3
———— 21755.7
5,885.4 20,234.9
-— 2,425.9
3,908.7 9,981.8
- 1,022.5
6,859.0 18,388.0
2,363.0

Grand Totals

12,918

30,417.9

30,298.3

17,521.3

20,441.0

22,660.8

11,004.3

20,751.0
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